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Abstract

An ammonium-adduct based liquid chromatography—tandem mass spectrometry (LC—MS/MS) method has been developed and validated fi
the simultaneous determination of three isomeric metabolites of tacrolimus (FK506}d&gethylated (M1), 31-demethylated (M2) and 15-
O-demethylated (M3) tacrolimus in human whole blood and plasma. These metabolites and the internal standards were extracted from biologic:
matrix by methylbutyl ether (MTBE). Separation was achieved on a Gengst®lDmn with a gradient mobile phase elution. Ammonium-adduct
ions formed by a Turbo lonspray in positive ion mode were used to detect each analyte and internal standard. The MS/MS detection was b
monitoring the fragmentation of 807-5 772.4 (n/z) for M1, 807.5— 754.5 (u/z) for both M2 and M3, 795.5> 760.5 ¢u/z) for IS1 (FR298701)
and 961.5~ 908.5 (n/z) for IS2 (FR290198) on a triple quadrupole mass spectrometer (Sciex API 3000). The retention times were approximately
4.1 minfor M1, 6.8 min for M2, 6.0 min for M3, and 3.9 min for IS1 and 6.4 min for IS2, respectively. The validated dynamic range was 0.2—20 ng/ml
for all three metabolites based on a sample volume of 0.25-ml. The linearity of calibration curves for M1, M2, and M3 in both matrices had a
correlation coefficient 0£0.9984. In whole blood, validation data showed intra-baich) CVs 0f<5.9% and REs between4.9 and 3.6% and
inter-batch { = 18) CVs 0f<4.9% and REs between3.5 and 1.5% for all three metabolites. In human plasma, validation data showed intra-batch
(n=6) CVs of <7.3% and REs between5.1 and 7.6% and inter-batclvV € 18) CVs 0f<6.6% and REs between0.3 and 4.7% for all three
metabolites. Extraction recoveries were 72% for M1, 87% for M2, 69% for M3, 79% for 1S1, and 74% for IS2 from blood; and 94% for M1,
96% for M2, 98% for M3, 92% for IS1, and 93% for IS2 from plasma. All three metabolites in human blood and plasma were stable for three
freeze-thaw cycles, or 24-h ambient storage, or 12 months storage at approxir@@el®. Extracted samples were stable for at least 50 h at
room temperature (RT). This method has been successfully used to analyze whole blood and plasma samples from human pharmacokinetic studi
Several key factors affecting the performance of the assay methods have also been addressed briefly.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction methods for monitoring tacrolimus leveg@-25]. These meth-
ods can be divided into two categories, immunoassays, such
Tacrolimus (FK506) is awell-known potentimmunosuppres-as enzyme-linked immunosorbant assay (ELISA), micropar-
sant that has been widely used for solid organ transplantatioticle enzyme immunoassay (MEIAJ9-16] and enzyme-
patients for nearly two decadgs-3]. This compound has also multiplied immunoassay technique (EMIT)1,17-19] and
beenintroduced to treat atopic dermatitis for several yjda:. chemical methods, such as LC-MS or LC-MS/MS methods
Some other new indications and applications of tacrolimus havfl5,16,20-22] Immunoassay methods are widely employed as
been investigated as w¢H,8]. There are quite a few published routine therapeutic drug monitoring of tacrolimus for patients.
However, immunoassay methodology has a relatively low sensi-
tivity and is often lack of specificity, thus is unsuitable for phar-
* Corresponding author. Tel.: +1 847 491 3192; fax: +1 847 467 4471. macokinetic (PK) studies and also hard to differentiate active
E-mail address: yu-luan.chen@us.astellas.com (Y.-L. Chen). metabolites from its parent drug. For tacrolimus, at least eight
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metabolites have been identifigzb,27] Among these metabo- and similar structures, the simultaneous and accurate determina-
lites, the major ones include 13-demethylated (M1), 31-  tion of these isomeric metabolites in clinical samples is a very
demethylated (M2) and 18-demethylated (M3) tacrolimus, challenging task. Thus far, there is no fully validated method
and all three of these are singly demethylated isontégs (a). by which all three isomeric metabolites can be simultaneously
Because of their pharmacological activity and/or possible toxicand reliably quantified. This manuscript attempts to describe the
ity, determining the concentrations of these metabolites in clinfirst LC-MS/MS method for the simultaneous determination of
ical samples, especially for supporting PK studies, has becontbese major tacrolimus metabolites in human whole blood and
increasingly important. Due to their identical molecular weightsplasma.

(b) OH () ,-""‘"'O O~

Fig. 1. Structures oftacrolimus and its major metabolites (M1, M2 and M3), and internal standards (FR298701 and FR290918): (a) tacrolimusiemeittolites,
M1 =13-O-demethylated, M2 = 3D-demethylated, and M3 = 18-demethylated. For each metabolite, tH®@CH3 at corresponding position is replaced by@H
group; (b) FR298701 (internal standard 1 or IS1)—the internal standard for tacrolimus-M1; (c) FR290918 (internal standard 2 or 1S2)—theaimtendafiost
tacrolimus-M2 and M3.
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2. Experimental phase was 0.35ml/min for the first 8 min, then stepped up to
0.50 ml/min for another 2 min.
2.1. Chemicals, materials and apparatus A Turbolonspray ionization source operating in positive

mode was used to generate ammonium-adduct ions for mass

All the reference materials, including three tacrolimusspectrometric detection. The collision energy (CE) and other
metabolites and two internal standards, were from Fujisawparameters for the analytes and I1Ss were optimized by infusing
Pharmaceuticals Co. (Osaka, Japan). M1@t8emethylated-), each compound solution with a concentration of approximately
M2 (31-0-demethylated-) and M3 (1&-demethylated-) had a 250ng/ml in 70:30 methanol-water containing 2 mM Hd.
purity of 84.6%, 93.1%, and 80.2%, respectively. Two internalThe multiple-reaction mode (MRM) was used to acquire ion
standards FR298701 (IS#ig. 1b) and FR290918 (ISEig. Ic)  counts at different time points. A high voltage of 5.5kV was
were synthesized and purified by Fujisawa Pharmaceuticals Capplied to the spray needle. The source temperature was450
for research use only. The purities of FR298701 and FR290918nd the auxiliary gas flow was 8 L/min. The settings of neb-
have been confirmed for the purpose of use as internal standardlzer gas, curtain gas, and collision gas flow at instrument
for the above metabolites. Formic acid (96%), ACS reagent, wagere 12, 8, and 4 (arbitrary scale), respectively. All gas used
from Alfa Aesar (Ward Hill, MA, USA). Methyl~butyl ether in this experiment was generated from a Peak gas generator
(MTBE), methanol, and ammonium acetate, HPLC grade, weréChicago, IL, USA). Collision energies and other optimized
from Fisher Scientific (Fair Lawn, New Jersey, USA). Ammo- parameters used for each compound are presentéabie 1
nium hydroxide, certified ACS plus grade, was also from Fisherln this method, both Q1 and Q3 quadrupoles were operated at
The blank human whole blood and plasma with EDTA-K unit resolution. For each injection, the total acquisition time was
anticoagulant were from Biochemed Pharmacologicals (Winch10 min.
ester, VA, USA). In-house high purity water was obtained The linear regression of the peak area ratios of analyte/IS
from Milli-Q gradient system of Millipore (Bedford, MA, vs. concentration using a weighted 1/concentratiwas used
USA). to obtain calibration curves from the calibrators. The regression

A water-bath Turbo Vap evaporator from Zymark (Hop- equations of the calibration curves were then used to calculate
kinton, MA, USA) was used for evaporating organic solventthe blood or plasma concentration.
from extracts. The HPLC system consisting of solvent deliv-
ery LC10ADVP, Controller SCL10ADVP and column oven 2.3. Standard solutions and quality control (QC) samples
CTO10ASVP was from Shimadzu (Kyoto, Japan). Sample
injection was using CTC PAL autosampler from Leap Tech- The stock solutions of each analyte or IS were prepared at
nologies (Carrboro, NC, USA). The analytical column used was.00p.g/ml in methanol by vortexing approximately 1 min. Two
aGenesis gg50 mmx 4.6 mm (5um) from Grace Vydac (Hes-  sets of separate stock solutions were prepared for the analytes.
peria, CA, USA). A Turbo lonspray ionization-triple quadrupole For each IS, only one stock solution was prepared. After each
mass spectrometer APl 3000 made by Sciex (Concord, Ontanalyte weighing precision of within 5% was confirmed, one
Canada) was used for detection. Sclex/yst software version  set was used to make standard spiking solutions and the other

1.2 was used for data acquisition and processing. used to prepare the quality control (QC) samples. Eight standard
spiking solutions were prepared at concentrations of 2, 4, 10, 30,
2.2. LC-MS/MS conditions 80, 120, 160, and 200 ng/ml for each of the three metabolites.

The combined IS working solution was 200 ng/ml for both ISsin

A two-pump HPLC system was used to run a gradientmethanol directly mixed and diluted from the IS stock solutions.
mobile phase to achieve the separation. The mobile phase All stock solutions and working standard solutions were stored
was 2 mM NHAc and B was 2mM NHAc in methanol with  in polypropylene vials in a-20°C freezer. The stock solutions
0.1% formic acid. The time events for this gradient elution wereof M1, M2, and M3 were confirmed to be stable for at least 13
as follows. A mobile phase of 75%B: 25%A (v/v) was initiated months if stored at-20°C.
and maintained for 1.5min, then B was linearly increased to QC samples were made using the second set of stock solu-
100% at 3.5min. Between 3.5 and 8 min, the mobile phaséions. Four levels of QC samples in both matrices were 0.200
was maintained at 100%B. From 8 to 10 min, the mobile phas@ower limit of quantitation, i.e. LLOQ), 0.600 (low-), 7.50
was switched back to 75%B. The total flow-rate of mobile(medium-), and 15.0 (high-) ng/ml for each of the three metabo-

Table 1

Tandem mass spectrometric parameters for each compound

Compound m.w. Ammonium-adduct Fragment CE (eV) DP (V) FP (V) CXP (V) Dwell time (ms)
M1 789.5 807.5 772.4 19 71 320 12 150

M2 789.5 807.5 754.5 29 76 350 10 150

M3 789.5 807.5 754.5 27 71 360 10 150

IS1 7775 795.5 760.5 17 71 360 6 150

I1S2 943.5 961.5 908.5 35 71 360 14 150
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lites. QC samples were prepared in a 50-ml pool then aliquotedften used for mass spectrometric detection in positive ionspray
into pre-labeled 2-ml polypropylene vials (approximately 0.6-mode. However, these metabolites demonstrated a strong ability

ml sample per vial) and stored aB0°C. to bind with ammonium ion (Ng") and sodium ion (N9 to
form ammonium-adduct or sodium-adduct ions. Singly charged
2.4. Sample extraction procedure ammonium-adduct ions had a peak/{) at (m.w.+18) and

singly charged sodium-adductions showed a peak at (m.w. + 23).

For calibration standards, an aliquot of 2.0for each spik-  Although sodium-adducts were easily formed in the ion source,
ing solution was spiked into 0.250 ml of control blank matrix in they were not suitable for MS/MS detection because of their poor
a polypropylene tube. For the QC samples and study sampleagmentation. In this method, ammonium-adduct ions were
an aliquot of 25p.l methanol was added to the tube to make upemployed as precursor ions for MS/MS detectibiy. 2 pre-
the volume and composition of sample matrix. Then 28.6f  sented the MS/MS spectra of tacrolimus-metabolites and ISs.
the combined IS working solution was added to each tube anii1, M2, and M3 had the same precursef; peak at 807.5.
all the samples were vortex-mixed briefly. A volume of 0.50 mIM1 had several major fragment ions including 772.4, 754.5,
0.01 M ammonium acetate buffer (pH 7.5, adjusted by 1.5%/90.5 and 562.2, etc. with the most abundant peak at 772.4.
ammonium hydroxide) was added to each sample tube. After Both M2 and M3 had several fragments with the most abun-
brief mixing, 5 ml of methyl=butyl ether was added to extract dant ion atm/z of 754.5. The significant intensity of fragment
the desired compounds by vortexing 3 min and centrifugation ofon 772.4 appeared in the MS/MS spectra of both M2 and M3.
5min at 3000 rpm and 18C. The aqueous portion was frozen The IS1 had its ammonium-adduct peak at 795.5 with a major
in a freezer at-80°C and the organic portion was then trans-fragment ion of 760.5 accompanied by several other fragment
ferred to a clean polypropylene tube. The organic solvent wamns; and 1S2 had its ammonium-adduct peak at 961.5 with a
evaporated to complete dryness at&5under a stream of nitro- dominant fragment of 908.5. Thus, MS/MS detection for above
gen at 10 psi in a Turbo-Vap water bath evaporator. The residumetabolites and ISs were by monitoring 8045772.4 (n/z) for
was reconstituted in 0.1 ml 75:25 methanol-2mM Md by M1, 807.5— 754.5 (n/z) for both M2 and M3, 795.5> 760.5
vortexing 2min. The resulting sample was transferred into gm/z) for IS1 (FR298701) and 9615 908.5 {n/z) for 1S2
polypropylene HPLC injection vial followed by 10 min of cen- (FR290198), respectively. Collision energy, de-clustering poten-
trifugation at 3000 rpm. A 1@l aliquot of each extracted sample tial (DP), focusing potential (FP), and collision cell exit potential

was injected into the LC-MS/MS system. (CXP) and dwell time optimized for each compound were sum-
marized inTable 1 Thanks to the same precursors and fragment
2.5. Method validation ions appearance in M1, M2, and M3, a baseline-separation on

an analytical column is necessary to accurately determine these
The method validation experiment was designed accordinthree metabolites. More details will be discussed in the next

to the principles of the Food and Drug Administration (FDA) section.
industry guidancg8]. For each matrix, three validation batches
were processed on three separate days. Each batch included dn& Chromatography
set of calibration standards and six replicates of LLOQ, low-,
medium-, and high-concentrations of QC samples. Given rel- M1, M2 and M3 are three chemical isomers with very lim-
atively low metabolite level, clinical samples which requiredited structural differencesF{g. 1a). As shown inFig. 2, all
dilution during the analysis were not expected, thus the valthree metabolites had fragment ions at 754.5 and 772.4 though
idation for the effect of sample dilution with blank matrix their relative abundance varied slightly among analytes, thus
was not intended. Freeze-thaw and room temperature (RT) staignificant interference in MS or MS/MS could be expected
bility tests for the QC samples were included in one of theunless an excellent chromatographic separation was achieved.
validation batches. These samples were obtained by allowingherefore, a baseline on-column separation was required for
QC samples to undergo three cycles of freeze-thaw or sit othe accurate quantification of each of these three metabolites.
bench-top for 24 h. The stability of extracted samples was estal#fter testing different chromatographic columns with differ-
lished by re-injecting one of the validation batches after extractent mobile phases, it was found that a Genesigs €@lumn
had been at RT for at least 24 h. The 2- and 12-month froze(60 mmx 4.6 mm, 5u.m) with a gradient mobile phase elution
matrix storage stability have also been evaluated. The samvas able to separate these analytes. The detail of this gradient
ple injection sequence was randomized throughout the run bumobile phase was described in Sectg. It was also noted
always started and ended with a calibration standard in eadhat a relatively high column temperature (8% drastically

batch. improved the separation of M2 from M3, and also minimized
the peak splitting caused by tautomers. Under these separation

3. Results and discussion conditions, the three metabolites were well separated from each
other. The retention times were approximately 4.1 min for M1,

3.1. Mass spectrometry 6.8 min for M2, 6.0 min for M3, and 3.9 min for IS1 and 6.4 min

for 1S2, respectively. Representative chromatograms obtained
Due to relatively weak proton affinity, these metabolites hadrom whole blood blank, an LLOQ sample, and a clinical sam-
low abundance of protonated molecular ions that were mogtle are presented ifig. 3.
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Fig. 2. (a) MS/MS spectrum of M1: M1 and its major fragments; (b) MS/MS spectrum of M2: M2 and its major fragments; (c) MS/MS spectrum of M3: M3 and its
major fragments; (d) MS/MS spectrum of IS1: IS1 and its major fragments; (€) MS/MS spectrum of IS2: 1IS2 and its major fragments.

thatoccurred in these metabolites caused a drastic change in their
on-column retention behavior, especially for M1. The synthe-
The selection of an internal standard for LC-MS/MS wassized 1S1, arD-demethylated-ascomycin, is a more polar entity
based on the physical and chemical similarities of the analytéhan ascomycin and has shown a better tracking for the more
and an IS candidate. A good IS should be capable of trackpolar metabolite tacrolimus-M1.
ing extraction, on-column retention, in-source ionization and
matrix effect, etc. for a target analyte. An ideal situation would3.4. Specificity and matrix effect
have been that each analyte had a stable isotope-labeled com-
pound as its IS. Unfortunately, this was not the case. In this Six lots of blank human whole blood and six lots of blank
case, two structural analogs were synthesized by our comparwuman plasma were tested for matrix effect and the assay selec-
in Osaka, Japan. According to their chemical structures, fragtvity. For each lot of these matrices, a matrix blank (free of
mentation (collision energy), chromatographic retention time$oth analytes and 1ISs), control 0 (plasma blank spiked with
and extraction efficiency, IS1 was very similar to M1, thus IS1ISs only), and control 1.00 ng/ml (spiked with 1.00 ng/ml each
was chosen as the internal standard for M1. 1IS2 was eluted iof M1, M2 and M3) were used to check interference and lot-
between M2 and M3, and also had similar extraction recoveryo-lot matrix variation. The measured values and statistics for
to that of both M2 and M3, thus IS2 was used as the internathe spiked samples in individual lots are givenTiable 2 For
standard for the quantitation of both M2 and M3. The valida-all tested whole blood or plasma lots, the regions of each ana-
tion data demonstrated that I1S1 tracked M1 and 1S2 tracketyte and IS were found to be free of endogenous interference.
both M2 and M3 well. Ascomycin has been confirmed to be annWhen whole blood blanks were spiked with each metabolite at
excellent IS for the LC-MS/MS measurements of tacrolimus inl.00 ng/ml, the measured mean, coefficient of variation (CV),
biological sample$15,20,21,24,25]However, it did not track and relative error (RE) were 1.04 ng/ml, 4.5%, and 4.1% for
tacrolimus-metabolites well because the minor structural changdl; 0.941 ng/ml, 10.8%, and5.9% for M2; and 1.06 ng/ml,

3.3. Selection of internal standard
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Fig. 3. Mass chromatograms obtained from a blank whole blood extract. M1 (a); M2 (b); and M3 (c). Mass chromatograms obtained from an LLOQ blood C
sample (0.2 ng/ml each of M1, M2, and M3). M1 (d); M2 (e); and M3 (f). Mass chromatograms obtained from a representative clinical human whole bieod speci
M1 (g); M2 (h); and M3 (i). For this sample all three metabolites were detectable but their actual values were lower than 0.2 ng/ml. Typical masgreinsroft

IS1 (j) and IS2 (k) obtained from extracted samples.
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Table 2
Lot-to-lot variation of biological matrices
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Matrix Lot# M1 Spiked 1.00 ng/ml M2 Spiked 1.00 ng/ml M3 Spiked 1.00 ng/ml
N-43829 1.02 1.05 1.05
N-43830 1.09 1.09 1.04
N-43832 1.08 0.884 1.05
N-43833 1.06 0.859 1.09
N-43837 0.963 0.868 1.03

Blood N-43844 1.03 0.897 1.07
n 6 6 6
Mean 1.04 0.941 1.06
CV (%) 45 10.8 21
RE (%) 41 59 55
N-29446 1.00 1.07 0.966
N-29447 1.06 1.06 1.07
N-30328 1.01 1.10 1.04
N-30338 1.02 1.12 1.02
N-30341 1.07 1.03 1.04

Plasma N-30342 1.00 1.07 0.979
n 6 6 6
Mean 1.03 1.08 1.02
CV (%) 3.0 2.9 3.9
RE (%) 27 75 1.9

2.1%, and 5.5% for M3, respectively. For those human plasmgher lowered especially for M2 and M3, but this has not been

blanks spiked with each metabolite at 1.00 ng/ml, the measuregkperimentally confirmed yet.

mean, CV and RE were 1.03 ng/ml, 3.0%, and 2.7% for M1;

1.02 ng/ml, 2.9%, and 7.5% for M2; and 0.966 ng/ml, 3.9%,3.6. Precision and accuracy

and 1.9% for M3, respectively. These results indicated there

was no significant lot-to-lot variation for both blood and plasma  The precision and accuracy of QC samples were presented in

matrices. Table 4 In whole blood, regular low-, medium- and high-QCs’

validation data showed the intra-bateh«(6) CVs 0f<5.9% and

REs between-4.9 and 3.6% and the inter-batcti£ 18) CVs of

<4.9% and REs between3.5 and 1.5% for all three metabo-
The calibration curve range was 0.2-20 ng/ml for M1, M2, lites. In human plasma, regular QCs’ validation data showed

and M3 using 0.25-ml sample for both matrices. The backithe intra-batch/=6) CVs of <7.3% and REs between5.1

calculated concentrations (mean with @¥ 3) and linear corre- and 7.6% and the inter-batcV £ 18) CVs 0f<6.6% and REs

lation coefficient for each metabolite are summarizethible 3  between—0.3 and 4.7% for all three metabolites at three con-

In the blood method validation, the linear correlation coefficiententrations. These data showed excellent precision and accuracy

(r?) of calibration standards were0.9995 for M1,>0.9985 of the methods across the dynamic range.

for M2, and>0.9987 for M3, respectively. In the plasma val-

idation, the linear correlation coefficients?) of calibration  3.7. Extraction procedure and extraction recovery

standards were0.9993 for M1,>0.9991 for M2, ang-0.9984

for M3, respectively. All back-calculated values showed excel- A liquid—-liquid extraction procedure with MTBE was devel-

lent accuracy and precision among validation batches. No singleped for these metabolites and ISs. The tautomeric phenomenon

calibration standard point was dropped during the validationof tacrolimus has been observed and two tautomers of tacrolimus

An LLOQ of 0.2ng/ml in matrices was validated for all three were successfully isolated and characteri2230] As these

metabolites with acceptable precision and accuracy. The dattemethylated-tacrolimus metabolites possess a very similar

are presented ifable 4 As shown inFig. 3d-f), for the whole  molecular skeleton to that of tacrolimus, it is also very likely

blood LLOQ QC sample (0.2 ng/ml), M1 had a signal-to-noisethat they will form tautomers in solution. The equilibria among

(S/N) ratio of~30 with a peak height of 400 counts, M2 had a the tautomers of each metabolite were influenced by many fac-

S/N ratio of~60 with a peak height of 800 counts, and M3 hadtors, such as pH value, temperature, and solution composition,

a S/N ratio of~80 with a peak height of 1450 counts. Typically etc. Individual tautomers might have different retention times on

for an instrumental analysis, LOD (limit of detection) is definedthe same analytical column, so when tautomerism was present,

to have a S/N ratio of 3. In the current LLOQ sample, S/N ratioshoulder peak or even splitting peaks would often be observed

levels for the three metabolites far exceeded that a LOD sampler chromatographic analytical methods. Moreover, individual

would require. Thus, the LLOQ of this method could be fur-tautomers might have different extraction recoveries with the

3.5. Sensitivity and linearity
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same conditions. Thus, tautomerism would certainly affect the
performance of an analytical method. Our research indicated that
a constant pH buffer for sample extraction was critical to have
arugged assay method for these metabolites. This type of com-
pounds was not stable at strong basic conditions and also had a
poor recovery at acidic conditions. After comparing several pH
conditions, it was found that a nearly neutral pH buffer, ammo-
nium acetate solution (0.01 M, pH 7.5, pH adjusted by 1.5%, v/v,
ammonium hydroxide) was the best condition to obtain repro-
ducible recoveries for all three metabolites and 1Ss. Under the
above optimized conditions, average extraction recoveries were
72% for M1, 87% for M2, 69% for M3, 79% for IS1, and 74%
for IS2 from whole blood; and 94% for M1, 96% for M2, 98%
for M3, 92% for IS1, and 93% for IS2 from plasma. The detailed
recovery data are presentedTiable 5 The above results indi-
cate that this procedure had a better extraction recovery from
plasma than that from whole blood for all tested compounds.
This implies that these types of compounds may have strong
binding to red cells that were unable to be completely overcome
by the current extraction procedure.

3.8. Short-term and long-term stability

Each stability test included six replicates of three levels of
QC samples. All stability results, as well as the linear regres-
sion correlation coefficients of calibration curves generated from
each stability test run for each analyte, are present@&edlie 6
Whole blood QC samples undergoing three freeze-thaw cycles
gave<5.4% CV and an accuracy of 90.0-96.8% for MB.0%

CV and an accuracy of 101-103% for M26.7% CV and an
accuracy of 102-104% for M3. Whole blood QC samples stor-
ing at ambient for 24 h gave4.7% CV and an accuracy of
94.6-95.2% for M1<4.6% CV and the accuracy of 93.7-96.5%
for M2, <5.3% CV and an accuracy of 105-107% for M3. In
plasma, the samples of three freeze-thaw cycles g#/6%

CV and an accuracy of 97.5-103% for Md4.3% CV and an
accuracy of 93-103% for MZ:5.8% CV and an accuracy of
92.7-104% for M3. The plasma QC samples with 24 h bench-
top storage gave 3.8% CV and an accuracy of 89.0-92.8% for
M1, <5.9% CV and an accuracy of 92.9-95.0% for M2.3%

CV and an accuracy of 95.2—-103% for M3. The above data indi-
cated that all three metabolites in both matrices were stable for
three freeze-thaw cycles or for ambient storage of 24 h.

The tests also showed that both whole blood and plasma
extracts were stable for 50 h at room temperature. A typical of
within 5% CV and with+5% RE for each analyte was observed
for the sample injection 50 h after preparation. The detailed data
are not presented here.

Long-term frozen storage stability was tested at 2- and 12-
month after QC sample pools were prepared and stored at
—80°C. The data are also included Table 6 The 2-month
stability data of all three analytes showed an accuracy of
94.7-107% (C\< 4.9%) in comparison with their theoretical
values in both whole blood and plasma samples. The 12-month
stability data of all three analytes had an accuracy of 94.6—-106%
(CV < 7.4%) in both matrices. There was no indication of chem-
ical or biological degradation or decomposition for each of three



Table 4

Intra-batch and inter-batch precision and accuracy

8¢e

Matrix Analyte Batch # Intra-batch:E 6) Inter-batch §=18)
1 2 3 over three batches
QC (ng/ml) 0.2 0.6 7.5 15 0.2 0.6 7.5 15 0.2 0.6 75 15 0.2 0.6 7.5 15‘:
Blood Mean (ng/ml) 0.189 0.588 7.35 15.0 0.197 0.579 7.24 14.6 0.189 0.570 7.33 14.5 0.192 0.579 7.30 %4.7
M1 CV (%) 4.3 45 21 2.7 7.6 3.6 3.6 2.2 9.3 2.2 4.1 2.7 7.2 3.6 3.2 2.83
RE (%) -5.5 -2.0 -2.0 00 -16 -34 -35 -28 -53 —-4.9 -2.3 -32 -41 -35 —-2.6 -20 2
Mean (ng/ml) 0.206 0.574 7.15 14.8 0.184 0.610 7.77 155 0.197 0.602 7.56 15.4 0.196 0.595 749 5.2
M2 CV (%) 5.1 2.1 3.9 2.6 2.7 3.0 2.9 3.1 4.8 3.0 4.1 5.3 6.4 3.7 4.9 4.2@
RE (%) 3.0 —-43 —4.6 -13 -82 16 3.6 31 -15 0.3 0.7 27 =22 -0.8 -0.1 15 §
Mean (ng/ml) 0.205 0.606 7.52 15.2 0.190 0.599 7.50 15.4 0.191 0.593 7.70 15.0 0.196 0.599 7.57 35.2
M3 CV (%) 3.8 3.0 2.1 3.6 5.2 4.7 45 5.0 5.0 2.7 4.2 5.9 5.7 35 3.7 483
RE (%) 2.7 11 0.2 14 -48 -0.2 0.0 29 -46 -1.2 2.6 0.0 -23 -0.1 0.9 14 Z:
o
Plasma Mean (ng/ml) 0.210 0.604 7.88 15.3 0.187 0.584 7.77 155 0.195 0.605 7.90 155 0.198 0.598 7.85 35.4
M1 CV (%) 4.0 2.8 16 1.8 5.9 24 2.6 2.9 4.6 5.4 25 2.2 6.7 3.9 23 2.32
RE (%) 5.2 0.6 5.0 20 -6.3 —-2.6 3.6 3.0 -25 0.8 5.3 34 -1.0 -0.3 4.7 2.7 \2
Mean (ng/ml) 0.202 0.601 8.02 15.6 0.204 0.616 7.91 15.9 0.196 0.580 7.60 15.0 0.201 0.599 7.84 §5.5
M2 CV (%) 5.8 1.2 3.0 2.0 4.9 2.2 3.2 4.0 5.4 3.2 2.2 3.3 5.3 3.3 3.6 4.0“§
RE (%) 1.2 0.2 7.0 4.1 1.8 2.6 5.4 5.9 -2.0 -33 14 0.0 0.5 -0.2 45 3.3
Mean (ng/ml) 0.210 0.597 7.57 155 0.187 0.629 8.07 15.1 0.208 0.57 7.57 14.9 0.201 0.598 7.74 15.1
M3 CV (%) 55 5.2 3.9 31 7.2 7.3 6.8 5.0 3.7 2.3 2.3 2.9 7.5 6.6 55 3.9
RE (%) 5.0 —0.6 1.0 3.0 -6.8 4.8 7.6 0.7 3.8 -5.1 09 -07 0.5 -0.3 3.2 0.7




Y.-L. Chen et al. / J. Chromatogr. B 830 (2006) 330-341 339

Table 5
Extraction recovery (%)

Matrix

Whole blood Plasma

0.6 ng/mft 7.5ng/mf 15 ng/mf Mean 0.6 ng/nil 7.5ng/mft 15ng/mf Mean
M1 71.7 70.6 72.1 71.5 89.4 95.9 95.9 93.8
M2 85.8 87.3 86.7 86.6 93.5 96.7 97 95.7
M3 66.9 68.4 71.8 69.0 96.6 93.9 103.5 98.0

20 ng/ml for both IS8 Mean 20 ng/ml for both 19 Mean
IS1 79.5 78.9 79.9 79.4 88.6 90.8 95.7 91.7
1S2 71.4 75.9 75.1 74.1 93.3 92.2 92.9 92.8

@ Analyte concentration.
b IS concentration.

metabolites in human whole blood or plasma after a year of stomlf this assay method. A strictly controlled pH condition for

age at-80°C. extraction was able to minimize the fluctuation of tautomeric
equilibrium for these tacrolimus-metabolites and secure the
3.9. Possible interference method although the tautomerism was unable to be eliminated.

An optimized gradient mobile elution together with an appropri-

Specificity testing showed that there was no endogenouate column temperature was another key factor as an on-column
interference from either human blood or plasma at the elutioiseparation was critical for the reliable quantitation of these iso-
region of each metabolite or IS. However, parent drug and otheneric components. One other important factor was to avoid
metabolite(s) may have co-elution effect or interference withthe competition from other adduct formations, such as sodium-
these analytes. The experimental investigation indicated thadduct ions. Tacrolimus has strong affinity to bind with sodium
tacrolimus had a retention time of 7.2 min and another majoions to form a sodium-addu¢81], and its sodium-adduct ion
metabolite M4 (12-hydroxylated tacrolimus) had a retentionwas used to monitor tacrolimus in blood for the therapeutic
time of 5.5 min under the above-established conditions for thelrug monitoring LC-MS method21,22] In this study, authors
measurement of M1, M2 and M3. These two most likely co-also observed the formation of sodium-adduct ions for these
existing entities were completely separated from M1, M2, andnetabolites and the internal standards in the process of ioniza-
M3, thus had no contribution to any of the above three metabdtion. Fig. 4 shows the competition of M1-NA (m/z 807.5)

lites and two ISs. and M1-N& (m/z 812.5). Similar phenomena were observed
for M2, M3 and two internal standards (data not shown). Both
3.10. Key factors influencing the performance of the method adduct ions had similar abundance in the presence of a mix-

ture of 2 mM ammonium acetate and 0.2 mM sodium formate
As pointed out previously, tautomerig@®,30]was animpor-  in the infusion solution. The formation of uncontrolled adduct
tant factor that influenced the robustness and reproducibilityons would not only reduce the sensitivity of the target detec-

Table 6
Short-term and long-term stability data
Storage condition QC (ng/ml) In whole blood In plasma
0.6 7.5 15 r 0.6 7.5 15 f
M1 90.0(5.4) 955(2.3) 96.8(2.3) 0.9997 97.5(6.0) 103(3.1) 103(3.2)  0.9999
3 Freeze/thaw M2 101 (6.0) 103 (1.5) 102 (3.5)  0.9985 93.0(4.3) 103(2.0) 99.2(2.0) 0.9991
M3 102 (6.7) 104 (4.3) 104 (3.7)  0.9987 92.7(5.8) 104 (2.8) 101 (2.1) 0.9991
M1 946(3.8) 952(4.7) 95.1(3.6) 0.9997 89.0(3.8) 92.7(3.8) 92.8(2.9) 0.9999
24-h Ambient M2 94.3(4.6) 96.5(3.2) 93.7(2.4) 0.9985 92.9(5.9) 95.0(2.4) 94.0(1.2) 0.9991
M3 106 (5.3) 107 (1.9) 105(5.1)  0.9987 95.2(4.3) 102(1.3) 103(2.3) 0.9991
M1 100 (3.6) 97.1(2.4) 97.9(4.3) 0.9993 102 (3.5) 101 (2.0) 98.0(2.2) 0.9990
2-month frozen£80°C) M2 107 (2.9) 103 (1.7) 102 (2.5)  0.9995 94.7 (4.3) 106 (3.6) 105(3.3)  0.9989
M3 103(3.5) 99.8(2.3) 100(2.6) 0.9996 95.0(4.7) 103 (4.9) 103(3.9) 0.9973
M1 95.2(4.1) 94.6(3.6) 954(1.8) 0.9999 95.6(7.5) 103(3.4) 96.6(2.4) 0.9993
12-month frozen+{80°C) M2 103 (3.1) 102 (4.4) 105(7.4)  0.9969 100 (3.4) 101 (4.1) 99.2(4.1) 0.9975
M3 106 (6.3) 101 (3.7) 98.3(5.9) 0.9982 96.0(5.7) 100(1.4) 96.8(6.3) 0.9970

Note: the data presented in this table are the percentage of measured value vs. theoretical value with CV in panen®esisq the linearity of the calibration
curve used for this measurement.
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(M&:cj;-: . 0.02 mg/kg. Whole blood specimens were collected at 0.083,
R ) 1, 6, 24, 48, 72, 168 and 336 h of post-dosing. Whole blood
NH,Ac and plasma samples were analyzed for the tacrolimus levels

and the individual metabolite levels separately. A substantial

number of blood samples from the first 24 h showed a quan-

tifiable M1 level but most of the samples showed M2 and M3

levels of below quantitation limits, though some of them had

0.0 a . : tiny but still detectable peaks. All plasma metabolite concentra-
780 800 820 840 tions were much lower than those observed in the corresponding
LK whole blood samples. Typical chromatograms obtained from a

_— whole blood sample with detectable M1, M2 and M3 levels are

ki presented iffFig. 3g—i.
812,56
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Liet] The three most important metabolites of tacrolimus are

13-0-demethylated (M1), 3D-demethylated (M2) and 18-
5.026 1 demethylated (M3) tacrolimus. The simultaneous and accurate
determination of these three TACROLIMUS metabolites in clin-
0.0 % s M...._J b S ical PK samples by LC-MS/MS has been very challenging. The
™y 7.0 .80 BIC G0 &0 B0 G major reasons include (1) these metabolites possess the identical
m/z, amu . . ..
molecular weights and the same precursor ions and similar frag-
— ment ions in mass spectrometry; (2) these types of compounds
(M1-Na) tends to form tautomers in solution; and (3) these compounds
L T have a strong affinity to form competitive metal-adduct ions. In
3.0e7{ HCOONa this paper, we have discussed the influence of the above fac-
tors on the performance of the LC-MS/MS method. Through
a better understanding of this mechanism, a reliable and robust
LC—-MS/MS method for the simultaneous and accurate measure-
ment of three major metablolites of tacrolimus in human blood
and in human plasma was successfully developed and validated.
L This new method has been applied to support clinical pharma-
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