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Abstract

EAI045 is a tyrosine kinase inhibitor (TKI) that targets the mutant epidermal growth

factor receptor (EGFR). It was developed to control resistance to available EGFR

TKIs. In this study, a major metabolite of EAI045, (5-fluoro-2-hydroxyphenyl)(1-oxo-

1,3-dihydro-2H-isoindol-2-yl)acetic acid (PIA), was discovered as a hydrolysis product

of the parent drug. A validated assay for both analytes in mouse plasma and tissue

homogenates from brain, kidney, liver, lung, spleen, and small intestine with content

was set up using LC–MS/MS. Samples were prepared by protein precipitation with

acetonitrile and with PLX4720 as internal standard. Separation was performed on a

bridged ethylene hybrid C18 column by gradient elution with 0.1% v/v formic acid

and methanol. Using positive electrospray, detection was performed in selected reac-

tion monitoring mode. A linear calibration range of 2–2,000 ng/ml was used and vali-

dated for both analytes. Precision values ranged between 2.0 and 7.5% for EAI045

and between 2.2 and 12.1% for the metabolite, and accuracy values were between

91.1 and 107.6% for EAI045 and between 87.6 and 100.6% for the metabolite. Both

analytes were sufficiently stable under the relevant analytical conditions. Finally, the

assay was applied to analyze mouse plasma and tissue levels in a pharmacokinetic

study in FVB/NRj wild-type female mice treated with oral EAI045.

K E YWORD S
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1 | INTRODUCTION

Epidermal growth factor receptor (EGFR) inhibition has become a

standard therapy for nonsmall cell lung cancer (H. Patel et al., 2018).

Mutations involving EGFR lead to overexpression of the receptor and

Abbreviations: BEH, Bridged Ethyl Hybrid; EGFR, epidermal growth factor receptor; EMA,

European Medicines Agency; FVB, Friend virus B-type; PIA, (5-fluoro-2-hydroxyphenyl)

(1-oxo-1,3-dihydro-2H-isoindol-2-yl)acetic acid (abbreviated as PIA for [phenyl-(iso)indol-

acetic acid]; QTRAP, quadrupole linear ion trap; SIWC, small intestine with contents; TKI,

tyrosine kinase inhibitor; US FDA, US Food and Drug Administration.
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this in turn causes uncontrolled cell proliferation (Dong et al., 2021).

With the discovery of EGFR tyrosine kinase inhibitors (TKIs), superior

survival benefits have been seen for nonsmall cell lung cancer patients

and significant efforts are being made to develop new EGFR TKIs (Du

et al., 2021). Currently available and used in clinical practice are first-,

second- and third-generation EGFR TKIs such as gefitinib, erlotinib,

afatinib and osimertinib (Dong et al., 2021; H. M. Patel et al., 2021).

However, a leading problem remains acquired resistance in cancer

cells, which results in progression of the disease. The most reported

mechanism of resistance to third-generation inhibitors targeting the

EGFR T790M mutation involves the C797S mutation. EAI045 is the

first fourth-generation inhibitor that overcomes the T790M- and

C797S-mediated resistance mechanisms through allosteric binding to

EGFR (Jia et al., 2016). EAI045 (Figure 1a) was found to be the most

selective inhibitor for mutant EGFR over wild-type EGFR. Although

in vitro and in vivo studies have not demonstrated the efficacy of

EAI045 as a single agent, a marked reduction in tumor growth was

observed in a mouse model of L858R/T790M/C797S mutant-driven

lung cancer in combination with cetuximab (Jia et al., 2016). So far,

validated methods have been published to support preclinical trials

with EAI045 in rat (Lv et al., 2018; Zhang et al., 2020) only. The first

method described for the UPLC–MS/MS analysis of EAI045 (2–2,-

000 ng/ml) in rat plasma and tissues uses pre-treatment by protein

precipitation with acetonitrile (Lv et al., 2018). The second paper pre-

sented a chiral HPLC method developed for the determination of

EAI045 enantiomers in rat plasma (2–600 μg/ml), in which samples

F IGURE 1 Chemical structures and product
spectra of the protonated ions of (a) EAI045, m/z
384.1 at 15 V, (b) PIA [phenyl-(iso)indol-acetic
acid], m/z 302.1 at 26 V and (c) PLX4720, m/z
414.1 at 31 V with the expected fragments used
for quantification.
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were treated by centrifugation followed by evaporation (Zhang et al.,

2020). Further, as far we know, to date no metabolism studies and no

metabolites have been reported for EAI045.

This study was designed to develop and to validate a quantita-

tive bioanalytical LC–MS/MS method for EAI045 in mouse plasma

and six tissue homogenates (brain, kidney, liver, lung, spleen and

small intestine with contents, SIWC). A major metabolite of

EAI045 was discovered during development of the method,

(5-fluoro-2-hydroxyphenyl)(1-oxo-1,3-dihydro-2H-isoindol-2-yl)acetic

acid, abbreviated PIA for (phenyl-[iso]indol-acetic acid) (Figure 1b).

Therefore, an single assay for both the drug and its main metabolite

has been developed and validated. A 96-well plate format was

used to improve sample throughput. Finally, the assay was applied

in a pilot pharmacokinetic and drug distribution study in wild-

type mice.

2 | MATERIAL AND METHODS

2.1 | Chemicals and reagents

EAI045 (>99.4%, molecular weight 383.40 g/mol) and PIA (>95%,

molecular weight 301.27 g/mol) originated from Carbosynth

(Compton, Berkshire, UK). PLX4720 (>99%, molecular

weight 413.83 g/mol) was obtained from Selleck Chemicals (Houston,

TX, USA). Water (ULC–MS grade), methanol (HPLC grade) and aceto-

nitrile (HPLC-S grade) were obtained from Biosolve (Valkenswaard,

The Netherlands). Formic acid of analytical grade was supplied by

Merck (Darmstadt, Germany). Water, purified by reversed osmosis

was available at the research institute and used for all other

purposes. Both pooled blank human lithium–heparin plasma and

pooled female mouse lithium–heparin plasma were provided by Sera

Laboratories (Haywards Heath, UK). Blank mouse tissue homogenates

were prepared by mixing the whole organ with ice-cold 2% (w/v)

bovine serum albumin in Milli-Q water followed by homogenization

using the FastPrep-24™ 5G instrument (M.P. Biomedicals, Santa Ana,

CA, USA) for 1 min. Different appropriate volumes were used

for different organs (1 ml for brain, spleen and lung; 2 ml for

kidney; and 3 ml for liver and SIWC). All matrices for analysis were

stored at �30�C.

2.2 | Analytical instruments

The LC–MS/MS instrument consisted of a binary ultra-high-

performance liquid chromatography (UHPLC) system, with two LC-

30 AD pumps, a SIL30-ACmp autosampler, a CTO-20 AC column

oven and a DGU-20A5R degasser, all from Shimadzu. A triple quad-

rupole mass spectrometer, AB SCIEX quadrupole linear ion trap

(QTRAP®5500, Ontario, Canada), was coupled to the LC system

with a Turbo V™ TurboIonSpray® source and was equipped with an

inlet valve. The LC system and mass spectrometer were controlled

and data were collected using Analyst® software version 1.6.2

(Sciex, Ontario, Canada). Quantitative data processing was done

using the MultiQuant™ software version 3.0.1 (Sciex, Ontario,

Canada).

2.3 | LC–MS/MS conditions

Sample volumes of 4 μl were injected onto a Waters Acquity UPLC®

Bridged Ethyl Hybrid (BEH) C18 column (2.1 � 30 mm, 1.7 μm particle

size, Waters, Milford, MA, USA), using 0.1% (v/v) formic acid in water

(A) and methanol (B), with a run time of 2.2 min and a total flow rate

of 0.6 ml/min. The temperature of the column oven was set at 40�C

and the autoinjector rack at 4�C. Gradient elution started at 40%

methanol and increased linearly to 70% in 1.5 min, followed by flush-

ing with 100% methanol for 0.3 min and re-equilibration at 40% until

the end of the run. A Sciex QTRAP®5500 triple quadrupole mass

spectrometer was used for detection. The optimized electrospray

parameters were: 4000 V ion spray voltage; 15 psi curtain gas;

“medium” collision gas; 60 psi ion source gas 1; 75 psi ion source gas

2; and 700�C temperature. Selected reaction monitoring in positive

ion mode with unit resolution for both quadrupoles was performed at

m/z 384.1 > 101.0, 85 V declustering potential and 15 V collision

energy for EAI045, at m/z 302.1 > 134.0, 50 V declustering potential

and 26 V collision energy for PIA, and at m/z 414.1 > 307.0, 96 V

declustering potential and 31 V collision energy for PLX4720 (internal

standard, IS). The dwell time was 50 ms, and the entrance potential

was 10 V.

2.4 | Stock and working solutions

EAI045 and PIA stock solutions of 0.5 mg/ml were prepared by

weighing 300–500 μg of EAI045 or PIA and dissolving in methanol.

Separate combined working solutions prepared by a 10-fold dilution

with methanol (50,000 ng/ml for both compounds) were used for

calibration and quality control (QC) samples. For PLX4720, a stock

solution of 0.5 mg/ml was prepared with methanol, then serially

diluted to 200 ng/ml in acetonitrile to be used as the precipitation

solvent.

2.5 | Calibration and quality control samples

The highest calibration standard for both analytes at 2,000 ng/ml was

prepared by diluting one combined working solution with blank

pooled mouse plasma; small portions were stored in polypropylene

tubes at �30�C until further use. Additional calibration standards at

1000, 200, 100, 20, 10, 4 and 2 ng/ml were prepared daily by serial

dilution of the highest standard with blank mouse plasma. High,

medium, low and LLOQ QC samples in mouse plasma at 1,500,

100, 6 and 2 ng/ml were prepared from the second combined working

solution and also stored at �30�C in small portions until further use.

Quality control samples in brain, kidney, liver, lung, spleen and SIWC

SUSAM ET AL. 3 of 11
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homogenates were prepared at medium level (100 ng/ml) only by

diluting the QC-high plasma sample.

2.6 | Sample preparation

Ten-microliter plasma or tissue homogenate samples were pipetted

into conical 200-μl polypropylene 96-well plates and protein pre-

cipitation was performed by adding 20 μl of the protein precipitant

containing the IS (200 ng/ml PLX4720 in acetonitrile). Wells were

sealed with a silicone mat and the plate was vortex mixed for

approximately 10 s. Next, the plate was placed in the centrifuge at

2643g for 5 min at 20�C. After centrifugation, 15 μl of supernatant

was transferred to a 1 ml round bottom 96-well plate and diluted

with 200 μl of 25% (v/v) methanol in water. Finally, samples were

vortex-mixed gently and then placed in the autosampler for

analysis.

2.7 | Bioanalytical method validation

The European Medicines Agency (EMA) and US Food and Drug

Administration (FDA) guidelines (European Medicines Agency, 2011;

FDA & CDER, 2018) were used for bioanalytical validation procedures

with full validation for plasma and partial validation for six tissue

homogenates (brain, kidney, liver, lung, spleen and SIWC) for both tar-

get analytes.

2.7.1 | Calibration

All calibration samples (seven levels) were processed daily in duplicate,

including blank (no analyte) and double blank (no analyte and no inter-

nal standard) samples. The calibration curve was defined using

weighted least squares linear regression with 1/x2 (where x is the con-

centration) as the weighting factor, where peak area ratios (EAI045/IS

and PIA/IS) were used as a function of concentration.

2.7.2 | Precision and accuracy

To assess the accuracy and precision for both analytes, six replicates

of QC samples, in three separate analytical runs, giving n = 18 in total

were analyzed at high, medium, low and LLOQ levels (1,500,

100, 6 and 2 ng/ml) for plasma samples and at medium level

(100 ng/ml) for six different pooled tissue homogenate matrices.

2.7.3 | Selectivity

The selectivity of the assay was assessed by analyzing six different

mouse plasma samples and four of each tissue homogenate (n = 24).

Each sample was analyzed twice, once as a double blank (no analyte

and no IS) and once as a LLOQ-spiked sample (2 ng/ml EAI045 and

2 ng/ml PIA, with IS).

2.7.4 | Recovery and matrix effect

Extraction recovery and matrix effects in mouse plasma of EAI045

and metabolite were determined at high, medium and low QC levels

(n = 4 per level). The experiment was performed with processed

plasma QC samples as described in Section 2.5 and with reference

methanolic QC samples prepared at half of the original QC levels. For

determination of the extraction recovery, processed plasma QC sam-

ples (A) were compared with post-extraction spiked methanolic QC

samples (B). For determination of the matrix effect, post-extraction

QC samples were compared with (matrix-free) similarly diluted metha-

nolic QC samples (C).

The relative matrix effects at high and low QC-levels were

evaluated for the same six individual plasma samples and 24 tissue

homogenates as used for the selectivity experiment. Methanolic

QC samples containing IS and blank extract were compared with

diluted methanolic QC samples without extract at identical

concentrations.

2.7.5 | Stability

The stability of analytes in mouse plasma was determined by sub-

jecting 10 μl portions (n = 4) of QC high and low samples in 200 μl

well plates for an additional period under the following conditions:

(a) 5 and 24 h at room temperature (short term stability);

(b) freeze–thaw cycles (n = 3) that consisted of thawing 1 h at

room temperature and freezing at �30�C for 1 day (freeze thaw

stability); and (c) 1.5 months at �30�C (long-term stability). Stability

in six tissue homogenate matrices was determined for one condi-

tion (5 h at room temperature) at the medium QC level (n = 4). To

test the stability post-processing (autosampler stability), extracts of

QC samples [n = 2 for each plasma QC (high, medium and low);

n = 6 for each tissue homogenate QC] were stored at 4�C and rea-

nalyzed 5 days later with fresh calibration samples. Potential hydro-

lytic degradation of EAI045 was tested via a short-term stability

experiment (5 h room temperature) in plasma, liver and SIWC sam-

ples at the highest EAI045 QC level without PIA present. Finally,

methanolic single analyte stock solutions were reanalyzed after

1.5 months of storage at �30�C to investigate the stock stability

of EAI045 and PIA.

2.7.6 | Incurred samples reanalysis

The reproducibility of the method was finally assessed by reanalyzing

study samples of the Friend virus B-type (FVB)/NRj mouse strain

(n = 5) within 1 week for each of the seven matrices (n = 35) that

were stored at �30�C.

4 of 11 SUSAM ET AL.
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2.7.7 | Mouse pharmacokinetics

Five female wild-type mice of FVB/NRj genetic background (Janvier

Labs, Le Genest-Saint-Isle, France) aged between 10 and 15 weeks

were orally administered a single dose of EAI045 of 20 mg/kg, based

on a previous in vivo mouse study (Jia et al., 2016). The drug was dis-

solved in dimethyl sulfoxide at a concentration of 4 mg/ml and diluted

with polysorbate 80–ethanol (1:1, v/v), and then 5% (w/v) glucose in

water to yield a concentration of 2 mg/ml. The mice were housed in a

temperature-controlled environment with a 12 h light/12 h dark cycle

at the animal facility of the Netherlands Cancer Institute (Amsterdam,

The Netherlands), fed a standard diet and acidified water ad libitum

and treated according to protocols of the national and European

regulations for animal experiments. This pilot mouse study was part of

the nationally approved DEC/CCD project AVD301002016595. In

brief, mice were fasted 3 h before EAI045 was administered by oral

gavage into the stomach using a blunt-ended needle. Capillary blood

collection (50 μl samples) occurred at 5 min, 15 min, 30 min, 1 h and

2 h from the tail vein in heparinized microvettes. After 4 h, mice were

anesthetized with isoflurane and final blood samples were collected

by cardiac puncture. Plasma was acquired by centrifugation of blood

samples immediately after collection at 9,000g for 6 min at 4�C. The

six organs (brain, kidneys, liver, lung, spleen and SIWC) were quickly

removed, weighed and homogenized on ice in appropriate volumes

of 2% (w/v) bovine serum albumin after sacrificing the mice by

cervical dislocation. All samples were stored at �30�C until

further analysis. Dilution (1:5 (v/v)) with human lithium heparin plasma

before analysis was applied to liver samples. Human plasma was used

instead of mouse plasma because of limited availability of mouse

material.

Noncompartmental pharmacokinetic parameters are reported as

means ± standard deviation (SD). From the highest levels and correla-

tive time points, the following parameters were calculated: the maxi-

mum plasma concentration (Cmax) and the time to reach Cmax (Tmax)

using the software GraphPad Prism 7 (GraphPad Software, La Jolla,

CA, USA). The area under the plasma concentration-time curve

(AUC0–t) was calculated using the trapezoidal rule with MS Excel (with

add-in program PKSolver). Apparent oral clearance (CL/F) was calcu-

lated as theh dose divided by AUC0–t.

3 | RESULTS AND DISCUSSION

3.1 | Method development

A pilot metabolism study with LC–UV using human liver microsomes

was conducted to find potential metabolites of EAI045 via cyto-

chrome P450 (phase I) enzymatic reactions (Brandon et al., 2005). In

vitro incubation yielded one potential metabolite. For LC–UV the

same chromatographic conditions were used as reported in Section 2.3

using a photo diode array detector. Chromatographic data were ana-

lyzed at 273 nm. LC–MS/MS experiments led to identification of the

hydrolysis product PIA of EAI045 formed by breaking of the amide

bond. The clinical significance of this metabolite is unknown yet but

simultaneous determination in preclinical studies may improve under-

standing of the pharmacokinetic routes of the drug, especially because

several matrices contained significant amounts of PIA. Method valida-

tion for both compounds was started after obtaining the PIA refer-

ence, also being an intermediate of EAI045 synthesis (Hao

et al., 2019), from the commercial supplier.

Protein precipitation in a 96-well format was used as a tool for

a high-throughput analytical method. The use of acetonitrile herein

as a precipitant agent had been frequently applied previously for

kinase inhibitors and was therefore adopted in this method (Rood

et al., 2016). To accommodate the low amount of organic modifier

in the eluent, the extract was diluted with 25% (v/v) methanol in

water. A stable isotopically labeled analogue of EAI045 was not

commercially available, therefore 12 kinase inhibitors were screened

for similar retention compared with EAI045. Because of their similar

retention times, ponatinib, dabrafenib and PLX4720 were further

investigated. PLX4720 showed an almost identical retention to

EAI045 and better precisions in a pilot experiment and was there-

fore chosen as most suitable IS for EAI045; later it was also used

for PIA.

Adequate chromatographic retention was achieved on the

Acquity UPLC® BEH C18 column with a short run time of 2.2 min.

Sufficient MS responses and good peak shape, resolution and signal-

to-noise ratios were observed for methanol and formic acid in the elu-

ent, therefore they were a better choice compared with acetonitrile

and ammonium formate or ammonium hydroxide. Mass spectrometric

conditions, electrospray and selected reaction monitoring in positive

ion mode were optimized for protonated ions (MH+) at m/z 384.1 for

EAI045, 302.1 for PIA and 414.1 for PLX4720 by direct infusion

experiments and ramping individual ionization parameters. Individual

analyte solutions of 100 ng/ml in 50% (v/v) methanol and 50% (v/v)

water containing 0.1% formic acid were used. Product masses at m/z

101.0, 134.0 and 307.0 were used for quantification of EAI045, PIA

and PLX4720, respectively. The selection of product masses was

based on the linearity of the calibration curve (high R2). To facilitate

quantification of EAI045 and PIA levels in all sample types the con-

centration range of 2–2,000 ng/ml was used. The product spectra of

EAI045, PIA and IS are shown in Figure 1.

3.2 | Method validation

The calibration range of 2–2,000 ng/ml for EAI045 was based on

pharmacokinetic data from a previously published study (Lv et al.,

2018). The assay was validated using international guidelines with full

validation for mouse plasma and partial validation for six tissue

homogenates (European Medicines Agency, 2011; FDA &

CDER, 2018). Representative chromatograms of extracted mouse

plasma are shown in Figure 2. This figure shows the sensitivity of the

assay. Limit of detection (LOD) values based on a signal-to-noise ratio

of 3 were 0.1 and 0.7 ng/ml for EAI045 and PIA, respectively. Carry-

over of the method was 7% of LLOQ for EAI045 and ≤15% (could not

SUSAM ET AL. 5 of 11
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be distinguished from noise) of LLOQ for PIA in a blank sample after

injection of the highest calibration sample at 2,000 ng/ml. These

values are within the 20% requirement by the FDA and EMA guide-

lines (European Medicines Agency, 2011; FDA & CDER, 2018).

3.2.1 | Calibration

The calibration curves exhibited good linearity over the range 2–2,-

000 ng/ml for both EAI045 and its metabolite PIA. Linear regression

parameters [mean (±SD), n = 5] using weighted (1/x2) least squares

regression were: y = 0.0031 (±0.0002) � x � 0.0000 (± 0.0009) and

R2 = 0.9956 (± 0.0014) for EAI045 and y = 0.00090 (±0.00006) �
x � 0.0001 (± 0.0004) and R2 = 0.9934 (± 0.0026) for PIA, where y is

the peak area ratio of analyte to IS, x the analyte concentration in

ng/ml and R2 the coefficient of determination. Average deviations

(n = 5) of nominal concentrations (n = 8) were all <6.0% and support

the applicability of this method.

3.2.2 | Accuracy and precision

In order to test the assay performance, intra- and inter-day precisions

and accuracies were determined by the evaluation of four QC levels

for plasma (Table 1) and one QC level for the six tissue homogenates

(Table 2) on three different days (n = 18). All data on accuracy and

precision were within the required limit of 15% variation (and 20%

for the LLOQ) of regulatory guidelines (European Medicines

Agency, 2011; FDA & CDER, 2018).

3.2.3 | Selectivity

No co-eluting peaks larger than 10% of the LLOQ response and

greater than 0.1% of the normal IS response were observed for

EAI045 in individual plasma samples. For PIA, only one out of six

plasma samples exceeded ±20% of the nominal value (+25.5%). There

were no co-eluting peaks in blank tissue samples greater than 0.2% of

the IS response for both EAI045 and PIA. Blank tissue responses

exceeded 20% of the LLOQ response for only one out of four samples

for EAI045 in kidney (20.7%) and one out of four for PIA in SIWC

(23.8%). Concentrations in LLOQ spiked mouse plasma (n = 6) were

2.21 (± 0.11) ng/ml for EAI045 and 2.24 (± 0.13) ng/ml for PIA, and

2.08 (± 0.24) ng/ml and 1.98 (± 0.24) ng/ml in tissue homogenates

(n = 24) for EAI045 and PIA respectively. These results demonstrate

sufficient selectivity at the LLOQ level of 2 ng/ml with this assay for

both compounds with only limited numbers of exceptions (one out of

30 for EAI045 and two out of 30 for PIA).

3.2.4 | Recovery and matrix effect

Extraction recoveries (101–114%) as well as matrix effects (93–

102%) tested at three QC levels in mouse plasma did not reflect

any loss of EAI045. For PIA, no extraction effect at medium and

high levels (108–112%), a low extraction effect at the lowest level

(83%) and no matrix effect (93–97%) were observed. As shown in

Table 3, all data except that for PIA (83%) showed less than 15%

deviation.

F IGURE 2 Representative chromatograms of double blank pooled
plasma samples and lower limit of quantitation spiked plasma samples
showing (a) EAI045, (b) PIA and (c) PLX4720. Signals were given an
artificial offset.
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Assessment of the overall relative matrix effect in all matrices

showed no significant matrix effects at high and low QC levels for

EAI045 (99.7 ± 1.9% and 99.7 ± 3.7%, respectively) and at high and

low QC levels for PIA (99.0 ± 2.6% and 91.5 ± 6.5%, respectively;

Table 4). The average effects for individual matrices were all within

85–115% according to the current guidelines (European Medicines

Agency, 2011; FDA & CDER, 2018).

3.2.5 | Stability

Data for stability studies in tissue homogenates and plasma are

reported in Tables 2 and 5, respectively. No noticeable loss was

observed for EAI045 with recoveries between 89.5 and 108.9%, nor

TABLE 1 Assay performance data of
EAI045 and PIA [phenyl-(iso)indol-acetic
acid] in mouse plasma

Level (ng/ml) Intra-day precision (%) Inter-day precision (%) Accuracy (%)

EAI045 1,500 3.8 5.5 100.5

100 2.0 4.1 97.7

6 3.3 7.0 92.3

2 4.4 4.9 91.1

PIA 1,500 3.8 3.9 100.6

100 2.2 2.9 97.4

6 5.1 6.0 93.1

2 8.6 11.0 90.9

TABLE 2 Assay performance data and short term stability, expressed as recovery (5 h at ambient temperature), for 100 ng/ml EAI045 and
100 ng/ml PIA in tissue homogenates

Tissue Intra-day precision (%) Inter-day precision (%) Accuracy (%) Recovery (%)

EAI045 Brain 4.1 4.3 104.0 95.5 ± 2.1

Kidney 4.6 4.1 105.2 93.2 ± 1.8

Liver 4.7 5.2 106.9 108.9 ± 4.9

Lung 5.7 5.1 106.4 96.3 ± 4.6

Spleen 4.8 4.6 106.5 93.0 ± 8.2

SIWC 7.2 7.5 107.6 100.1 ± 2.8

PIA Brain 3.2 3.1 87.6 99.7 ± 5.1

Kidney 4.4 4.5 88.3 99.4 ± 2.4

Liver 11.7 12.1 97.9 113.6 ± 10.9

Lung 9.0 8.6 94.0 107.3 ± 2.0

Spleen 7.9 7.7 93.6 107.2 ± 7.6

SIWC 6.8 7.0 89.7 104.2 ± 3.4

TABLE 3 Extraction recovery and
matrix effect for EAI045 and PIA in
mouse plasma expressed as average ± SD Level (ng/ml)

Recovery (%) Matrix effect (%)

EAI045 PIA EAI045 PIA

1,500 107.5 ± 6.4 107.7 ± 6.8 94.8 ± 2.4 93.1 ± 1.9

100 113.7 ± 3.4 111.8 ± 5.5 92.8 ± 3.4 94.9 ± 3.5

6 100.6 ± 2.7 83.0 ± 10.4 101.7 ± 6.9 96.5 ± 16.5

TABLE 4 Relative matrix effect (%) of EAI045 and PIA in mouse
plasma (n = 6) and tissue homogenates (n = 4) expressed as average
± SD

EAI045 PIA

Matrix QC high QC low QC high QC low

Plasma 103.3 ± 3.0 104.2 ± 6.4 103.6 ± 2.1 103.9 ± 13.3

Brain 100.2 ± 1.2 98.5 ± 2.2 102.7 ± 7.3 85.5 ± 5.8

Kidney 99.4 ± 1.6 101.4 ± 5.4 100.4 ± 1.3 85.5 ± 5.8

Liver 98.2 ± 1.9 99.8 ± 1.6 97.1 ± 2.8 89.7 ± 1.7

Lung 98.0 ± 1.5 98.0 ± 3.8 96.7 ± 1.6 100.6 ± 7.7

Spleen 98.6 ± 0.9 97.2 ± 4.9 97.1 ± 0.1 88.9 ± 6.4

SIWC 99.9 ± 3.0 98.5 ± 1.8 95.4 ± 2.8 86.4 ± 5.0
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for PIA with recoveries between 90.8 and 113.6%. The stability of

processed extracts after 5 days of storage at 4�C only showed mini-

mal loss of EAI045 in plasma and spleen QCs with deviations of

�15.5 and �15.3%, respectively. All other EAI045 and PIA levels did

not exceed the 15% deviation. Further, only minor hydrolytic degrada-

tion was observed for the experiment with EAI045 in plasma, liver

and SIWC QC samples after 5 h of storage at room temperature since

resulting PIA concentrations were in the range of 0.4–0.9% compared

with EAI045 at t = 0. The pilot study (Section 3.2.7) showed metabo-

lite levels higher than 10% compared with EAI045 for all matrices

except SIWC, where a ratio of ca. 5% could be observed. Therefore,

any hydrolytic enzyme facilitating PIA formation in vivo was found not

to produce relevant amounts of metabolite in plasma and the three

tissue homogenates at ambient temperature in vitro. Finally, methano-

lic stock solutions were fairly stable after 1.5 months of storage at

�30�C with recoveries found of 93.4% for EAI045 and 98.3% for PIA.

Taken together, essential stability was proved for both analytes.

3.2.6 | Incurred samples reanalysis

Incurred samples reanalysis (n = 35) resulted in 28 detectable levels

for EAI045 and 27 for PIA, as shown in Figure 3. Reanalysis with

TABLE 5 Recovery for EAI045 and PIA in plasma (recovery (%)
± SD; n = 4) after exposure to different storage conditions. Details of
freeze–thaw cycles are described in Section 2.7.5

EAI045 PIA

Short-term stability/5 h at room temperature

QC high 101.5 ± 2.3 101.8 ± 4.1

QC low 97.8 ± 2.7 93.3 ± 1.8

Short-term stability/24 h at room temperature

QC high 96.0 ± 4.3 100.5 ± 6.2

QC low 89.5 ± 4.7 101.1 ± 8.3

Freeze–thaw stability

QC high 100.2 ± 1.1 99.9 ± 1.5

QC low 107.3 ± 3.3 101.8 ± 9.1

Long-term stability

QC high 93.3 ± 3.1 90.8 ± 2.4

QC low 100.7 ± 2.9 110.2 ± 9.6

QC, Quality control.

F IGURE 3 Bland–Altman plots for reanalysis data from seven
mouse matrix samples from (a) EAI045 (n = 28) and (b) PIA (n = 27).

F IGURE 4 Chromatograms of (a) EAI045 in plasma (37.0 ng/ml,
black trace) and kidney (14.9 ng/ml, red trace) and (b) PIA in plasma
(133 ng/ml, black trace) and kidney (30.8 ng/ml, red trace). Signals
were given an artificial offset.
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EAI045 resulted in exceedance of ±20% deviation for two plasma

samples (131 and �24%), two liver samples (�27 and 36%), one

spleen sample (�30%) and one SIWC sample (65%). For PIA, two

plasma samples (123 and �24%), one brain sample (26%), one liver

sample (106%) and one spleen sample (138%) exceeded the ±20%

deviation. These results could not be explained. The quality of the

bioanalytical method was assured anyway because more than 67% of

the samples met the 20% deviation requirement (European Medicines

Agency, 2011; FDA & CDER, 2018), for both EAI045 (22/28 = 79%)

and PIA (20/27 = 74%).

3.2.7 | Mouse pharmacokinetic study

After successful validation, the new assay was applied for a pilot

study; EAI045 and PIA concentrations were analyzed at 4 h after a

single oral dose of 20 mg/kg EAI045 to wild-type mice. Chromato-

grams of plasma and kidney samples from a single mouse are shown

in Figure 4. The profile of the EAI045 concentration–time curve in

wild-type FVB/NRj mice is illustrated in Figure 5. The results show

that EAI045 was absorbed very rapidly, with an apparent Tmax around

5 min. The pharmacokinetic parameters were also calculated for

plasma exposure of EAI045 over 4 h (AUC0–4h = 534 ± 273 h�ng/ml),

maximal concentration (Cmax 719 ± 512 ng/ml), plasma half-life

(t1/2 = 1.36 ± 0.61 h) and apparent oral clearance (CL/F = 38

± 19 l�h�1�kg�1). However, inter-individual variation was high, as we

often observe shortly after oral drug administration. Unfortunately,

the elimination rates could not be obtained owing to there being

insufficient data in the elimination period. As shown in the pharmaco-

kinetic curves, a linear elimination phase was not observed. As a con-

sequence, AUC0–∞ could not be calculated. The CL/F could be

calculated based on the AUC0–t (as an alternative to the AUC0–∞)

owing to the low levels at the latest time point. The CL/F was rela-

tively high, probably owing to the low bioavailability (Jia et al., 2016).

Tissue levels decreased in the order SIWC > liver > kidney > lung >

spleen > brain (Figure 6a). The EAI045 concentration in the brain was

much lower than that in other tissues measured, most likely owing to

the presence of the blood–brain barrier.

F IGURE 5 Plasma concentration–time curve (a) and log plasma
concentration-time curve (b) of EAI045 and PIA in wild-type FVB/NRj
mice (n = 5) during 4 h after oral administration of 20 mg/kg EAI045.

F IGURE 6 Tissue concentration of (a) EAI045 and (b) PIA in wild-
type FVB/NRj mice (n = 5) in six tissues, 4 h after oral administration
of 20 mg/kg EAI045.
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For PIA, the obtained calculated pharmacokinetic parameters were:

Tmax = 15–30 min, t1/2 = 1.17 ± 0.21 h, Cmax = 1,524 ± 876 ng/ml

and AUC over 4 h = 1,871 ± 980 h�ng/ml. Within 15 min PIA was

more abundant in plasma than the parent drug in all strains, suggesting

rapid conversion into this metabolite (Figure 5). This is also reflected by

the PIA elimination rate not being slower than the elimination rate of

EAI045. Three plasma results in this study slightly exceeded

2,000 ng/ml. Owing to this relatively small exceedance (levels <

2,700 ng/ml) of three out of 30 samples, an extended curve was not

considered. The relatively low response of PIA compared with EAI045

ensured that the linearity of the detector was not exceeded. In future

studies dilution of this matrix will be considered. The tissue concentra-

tion is shown in Figure 6b. Brain penetration was extremely low, with a

brain concentration of only 9.8 ng/g, consistent with the negatively

charged nature of PIA under physiological conditions. The absolute

amount of PIA retrieved from SIWC at this time point was much smal-

ler than that of EAI045 (�0.074 vs �1.74% of the EAI045 dose, data

not shown). Also the distribution of PIA to other tissues was generally

much lower than that of the parent compound.

4 | CONCLUSIONS

This new bioanalytical assay has successfully been developed and vali-

dated to facilitate sensitive quantification of EAI045 and its major

metabolite PIA simultaneously. This article is, to our knowledge, the

first reporting this metabolite of EAI045 and the first bioanalytical

assay for this metabolite together with the parent drug. The analytical

run time is shorter compared with earlier developed assays (Lv

et al., 2018; Zhang et al., 2020), facilitating higher sample throughput

in combination with the 96-well format used. Moreover, this bioanaly-

tical method includes a fast and easy sample pre-treatment method

using only 10 μl sample volumes. The new LC–MS/MS method was

successfully adopted for a pharmacokinetic pilot study in mice and will

be applied for future mouse studies.
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