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ABSTRACT

A rapid, specific, and reliable LC-MS/MS-based bioanalytical method was developed and validated in
rat plasma for the simultaneous quantitation of theophylline and its four metabolites: 1,3-dimethyluric
acid (1,3-DMU), 3-methylxanthine (3-MX), 1-methylxanthine (1-MX), and 1-methyluric acid (1-MU).
Chromatographic separation of these analytes was achieved on a Gemini C18 column (50 mm x 4.60 mm,
5 wm) using reversed phase chromatography. The analytes were monitored by electrospray ionization
in negative ion multiple reaction monitoring mode. Modification of collision energies was performed
in parallel with chromatographic separation to further eliminate interference peaks. The method was
validated from 0.05 to 30 pg/mL for 1-MX, 1,3-DMU, 1-MU, and theophylline and from 0.1 to 30 pg/mL
for 3-MX using 0.2 mL of plasma sample. The intra- and inter-day precision and accuracy of the quality
control samples at low, medium, and high concentration levels exhibited relative standard deviations
(RSD) of less than 13% and with relative error (RE) values of —8.8% to 9.7%. The method was successfully

applied for the quantitation of theophylline and its metabolite in rat plasma samples.

© 2012 Published by Elsevier B.V.

1. Introduction

Theophylline is a methylxanthine that acts as a bronchial
smooth muscle relaxant and a suppressor of the non-
bronchodilator response of airways. The bronchodilation
mechanism of theophylline is through the inhibition of phos-
phodiesterase by an increase in cAMP levels. The morbidity and
mortality of theophylline toxicity is such that monitoring the
plasma concentrations of theophylline has been recommended
to reduce its side effects. Theophylline is reportedly metabolized
by multiple forms of cytochrome P450 in human, rabbit, and rat
liver microsomes [1]. These metabolites are 1-methylxanthine
(1-MX), 3-methylxanthine (3-MX), 1-methyluric acid (1-MU), and
1,3-dimethyluric acid (1,3-DMU) [2].

Several high-performance liquid chromatography (HPLC)-based
bioanalytical methods have been published for the quantitation
of theophylline [3-5]. Most of these published methods suf-
fer from long HPLC run times (over 60 min) and high detection
limits (greater than 300 ng/mL for theophylline metabolites). In
recent years, liquid chromatography-tandem mass spectrometry
(LC-MS/MS)-based bioanalytical methods have also been used
to quantitate theophylline in biological fluids. The use of MS
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has decreased detection limits to as low as 63 ng/mL for theo-
phylline metabolites. Run times were reduced to under 10 min
using LC-MS/MS methods [6-13]. However, all of these methods
involved multistep extractions, large volumes of organic solvent,
and required intensive labor to prepare the sample. No published
reports currently describe the use of protein precipitation concern-
ing theophylline and its four main metabolites as a means of sample
preparation from biological systems.

In this study, protein precipitation was employed to shorten
processing time and reduce labor. Hence a simple, sensitive, and
robust method, suitable for pharmacokinetic research and rou-
tine TDM of theophylline and its metabolites, was developed. The
present study was undertaken to develop and validate a simple,
high-throughput, sensitive, and convenient bioanalytical assay for
the simultaneous quantitation of theophylline, 1-MX, 3-MX, 1,3-
DMU, and 1-MU in rat plasma by LC-MS/MS.

2. Experimental
2.1. Chemical, reagents, materials, and apparatus

Theophylline, 1-MX, 3-MX, 1,3-DMU, 1-MU, and the internal
standard (IS) chlorzoxazone were purchased from Sigma-Aldrich
(St. Louis, MO, USA). HPLC-grade methanol was obtained from
Merck (Darmstadt, Germany). A PURELAB Ultra system from ELGA
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(Marlow, UK) was used in the laboratory to produce deionized
water.

2.2. Standard stock solutions and working solution preparation

Standard stock solutions containing 1 mg/mL concentrations of
free-form theophylline, 1-MX, 3-MX, 1,3-DMU, 1-MU, and the IS
were made up in methanol. All standard stock solutions were stored
at —20°C. A series of working solutions was obtained by diluting
appropriate amounts of these standards with 100% methanol to six
concentration levels. Working solutions were stored at 4°C away
from light.

2.3. Calibration standards and quality control sample preparation

The IS was prepared in methanol at 5 pg/mL. 20 L of each stan-
dard solution (theophylline and four metabolites) was added to
100 pL of drug-free rat plasma, and IS (200 L for precipitation)
was inserted. And the tube was vortexed for 5min. The precipi-
tate was removed by centrifugation at 15,000 rpm for 10 min. The
supernatant was transferred and evaporated to dryness under a
stream of air at 40 °C. The dried extract was resuspended in 200 p.L
of methanol for the injection to LC-MS/MS. The resulting plasma
concentrations were 0.05, 0.5, 3, 7.5, 15, and 30 pg/mL for 1-MX,
1,3-DMU, 1-MU, and theophylline and 0.1, 0.5, 3, 7.5, 15, 30 p.g/mL
for 3-MX.

Quality control (QC) samples were made up in blank rat plasma
at three levels: low (0.2 wg/mL), medium (7.5 wg/mL), and high
(30 pg/mL) for 1-MX, 1,3-DMU, 1-MU, and theophylline, and low
(0.5 pg/mL), medium (7.5 pg/mL), and high (30 pg/mL) for 3-MX.
All QC samples were stored at —70°C.

For redissolution of the dried residue, we tested different sol-
vents with methanol and various percentages of water in methanol
as components. Redissolution of theophylline, its metabolites and
IS was best achieved in 100% methanol, which offered superior peak
shape.

2.4. Sample preparation

Frozen plasma samples were thawed at room temperature. One
hundred microliters of methanol and 200 L methanol contain-
ing IS at concentration 5 pg/mL were added to 100 L plasma, and
the tube was vortexed for 5 min. The precipitate was removed by
centrifugationat 15,000 rpm for 10 min. The supernatant was trans-
ferred and evaporated to dryness under a stream of air at 40°C.
The dried extract was resuspended in 200 L of methanol for the
injection to LC-MS/MS system. The supernatant was transferred
into an injection vial and 10 L of this solution was injected into a
LC-MS/MS for quantitative analysis.

2.5. Liquid chromatography/mass spectrometry

LC was performed on an Agilent 1100 HPLC system (Agilent
Technologies, Inc., Santa Clara, CA, USA) and separation was car-
ried out at 25°C on a Gemini C18 column (50 mm x 4.60 mm,
5 wm; Phenomenex, Torrance, CA, USA). The mobile phase con-
sisted of 0.05% acetic acid in 10:90 (v/v) water:methanol at a
flow rate of 250 pL/min. Separations were conducted under iso-
cratic conditions. The HPLC system was coupled to a PE SCIEX
API 2000 triple quadrupole mass spectrometer (Applied Biosys-
tems, Foster City, CA, USA) in multiple reaction monitoring (MRM)
mode. An electrospray interface was used in negative mode. The
instrument parameters for monitoring theophylline, 1-MX, 3-MX,
1,3-DMU, 1-MU, and the IS during method validation and sample
analysis were as follows: TurbolonSpray (TIS) temperature, 350 °C;
exhausting gas, 45 psi; nebulizing gas, 95 psi; curtain gas, 50 psi;

declustering potentials (DP), -51V, —67V, -53V, —-63V, —-62V,
and —44V; entrance potential (EP), —9V; collision energies (CE),
—27eV, —24eV, —26eV, —31eV, —19eV, and —26 eV; collision cell
exit potential (CXP), —4V for theophylline, 1-MX, 3-MX, 1,3-DMU,
1-MU, and the IS. The use of different collision energies significantly
reduces background noise and interference peaks without sacrific-
ing sensitivity. The following precursors to product ion transitions
were used in the SRM of theophylline, 1-MX, 3-MX, 1,3-DMU, 1-
MU, and the IS, respectively, m/z 179 — 164, m/z 165 — 108, m/z
165 — 122,m/z195— 110,m/z181 — 138,and m/z 168 — 132 with
dwell times of 250 ms. The mass spectrometer was operated at unit
mass resolution for both the first and the third quadrupoles.

2.6. Method validation procedure

The method was validated with respect to selectivity, linearity,
accuracy, precision, percent recovery, matrix effect, and stability.

Calibration curves were constructed between 100 and
30,000 ng/mL for 3-MX and from 50 to 30,000 ng/mL for theo-
phylline, 1-MX, 1,3-DMU, and 1-MU by determining the best fit of
peak area ratios of analyte to the IS (y) as a function of nominal
concentration (x). The data were fitted to the equation y=bx+a
using a 1/x% weighted least squares regression. Concentrations of
QC samples and plasma samples were calculated in accordance
with the calibration curves. Intra-day and inter-day precision
and accuracy were evaluated by assaying six replicates of each
spiked QC sample at the low, middle, and high concentrations on
5 separate days. The precision is expressed as a relative standard
deviation (RSD). Accuracy was calculated as the percent error in
the calculated mean concentration relative to the nominal con-
centrations (RE) [14]. For the assay to be considered acceptable,
the precision and accuracy at each QC level was required to be
within 15%. Absolute recoveries at low, middle, and high plasma
concentrations were determined in triplicate by comparing the
peak area of analyte in spiked post-protein precipitated plasma
with the corresponding concentration in the spiked sample. Matrix
effects were investigated by comparing the deproteinized samples
of pooled blank plasma from six different drug-free rats spiked
with low, middle, and high concentrations of QC with the direct
injection of mobile phase spiked with the analytes. Stability under
the experimental conditions was investigated at low and high lev-
els of QC. Short-term, post-extraction, freeze-thaw, and long-term
stabilities were assessed [14]. The short-term stored stabilities
of analytes after being processed were evaluated by testing their
stabilities after being protein precipitated and stored for 6h at
room temperature. The long-term stability was examined for
20days at —70°C. Freeze-thaw stability testing was determined
after freezing at —70°C and thawing to room temperature three
times.

3. Results and discussion
3.1. Mass spectra

Precursor ions for theophylline, 1-MX, 3-MX, 1, 3-DMU, 1-MU,
and their corresponding ions were identified and quantitated from
spectra obtained from the injection of standard solutions into a
mass spectrometer with an electrospray ionization source. The
system was operated in negative ionization mode with nitrogen
collision gas in Q2 of a MS/MS system. Theophylline, 1-MX, 3-MX,
1,3-DMU, 1-MU, and the IS produced deprotonated ions at m/z
179, 165, 165, 195, 181, and 168, respectively. Product ions were
scanned in Q3 following collisions with nitrogen in Q2 at m/z 164,
108,122,110, 138, and 132 for theophylline, 1-MX, 3-MX, 1,3-DMU,
1-MU, and IS, respectively (Fig. 1).
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Fig. 1. Tandem mass spectra show ions from (A) theophylline, (B) 1-MX, (C) 3-
MX, (D) 1,3-DMU, (E) 1-MU, and (F) chlorzoxazone (internal standard, IS) using
electrospray ionization in negative ion mode.

3.2. Chromatography

Significant peak tailing was observed for theophylline and its
metabolites when using an acetonitrile mobile phase. Therefore,
several combinations of methanol and water were evaluated to
sufficiently resolve each compound while minimizing both noise
and peak tailing effects. The inclusion of 0.05% acetic acid in the
mobile phase improved the peak shape. The optimal mobile phase
was identified as a 90:10 (v/v) mixture of MeOH and water with
0.05% acetic acid. The retention times of theophylline, 1-MX, 3-
MX, 1,3-DMU, 1-MU, and the IS in rat plasma were approximately
1.7 min and the total run time for each sample was about 5 min. Ion
chromatograms from a blank sample (non-spiked blank plasma), a
zero sample (spiked with the IS), a midrange concentration of five
analytes (7.5 wg/mL), and a rat plasma sample (collected 1.5 h after
administration of 10 mg/kg theophylline in oral) showed no sig-
nificant interference peaks at the retention times of theophylline,
1-MX, 3-MX, 1,3-DMU, 1-MU, and the IS (Fig. 2).

The measured concentrations in rat plasma administered
at 10mg/kg theophylline were 10.20 wg/mL for theophylline,
1.14 pg/mL for 1-MX, O pg/mL for 3-MX, 5.05 pg/mL for 1,3-DMU
and 2.31 pg/mL for 1-MU.

3.3. Calibration curves

The calibration curves were linear from 100 to 30,000 ng/mL
for 3-MX and from 50 to 30,000 ng/mL for 1-MX, 1,3-DMU,
1-MU, and theophylline. Typical regression equations were
the following: theophylline, y=0.0035x —0.0127 (r2=0.9911); 1-
MX, y=0.0029x —0.0251 (r2 =0.9947); 3-MX, y=0.0007x — 0.0039
(r2=0.9979); 1,3-DMU, y=0.0008x —0.0017 (r?=0.9994); 1-MU,
y=0.0023x+0.0061 (r2=0.9918). LLOQs were 50ng/mL (theo-
phylline and for 1-MX, 1,3-DMU, 1-MU) and 100 ng/mL (3-MX),
respectively.

3.4. Precision and accuracy

Intra-day and inter-day precision and accuracy data are shown
in Table 1. The accuracy [calculated as the percent error in the cal-
culated mean concentration relative to the nominal concentrations
(RE)] of theophylline analyses ranged from —7.6% to 9.7% with coef-
ficients of variation (%CV) of 4.7% to 9.6% and 3.8% to 7.2% for intra-
and inter-day precision, respectively. The accuracy of 1-MX analy-
ses ranged from —8.8% to 9.6%, with a %CV of 6.4% to 9.0%, and 4.7%
to 9.2% for intra- and inter-day precision, respectively. The accu-
racy of 3-MX determination ranged from 5.7% to 8.2%, with a CV%
of 3.0% to 11.4% and 2.7% to 10.9% for intra- and inter-day preci-
sion, respectively. The accuracy of 1,3-DMU analyses ranged from
—6.7%t0 9.1%, with a %CV between 6.8% and 8.3% and 7.4 to 9.3% for
intra- and inter-day precision, respectively. The accuracy of 1-MU
analyses ranged from —5.1% to 9.2%, with a %CV of 9.1% t02.7% and
6.7% to 12.4% for intra- and inter-day precision, respectively. These
results indicate acceptable precision and accuracy for the present
method.

3.5. Matrix effects and percent recovery

When analyzing supernatants from protein-precipitated plasma
samples, salt and endogenous materials can cause ion suppression
or enhancement that may result in greater variations than in solid
phase extracts or liquid-liquid extracts [15]. Prudent assessment
of these matrix effects constitutes an important and necessary part
of the validation for quantitative LC-MS/MS methods that support
pharmacokinetic studies in biological matrices [16].

Matrix effects and percent recoveries of theophylline and its
metabolites are shown in Table 2. For all samples, including
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Fig. 2. Representative SRM chromatograms of the theophylline, 1-MX, 3-MX, 1,3-DMU, 1-MU, and the IS in (A) SD rat blank plasma, (B) SD rat blank plasma spiked with the
IS, (C) SD rat blank plasma with five mid-concentration analytes with the IS, and (D) plasma sample collected 1.5 h after administration of 10 mg/kg theophylline in oral.
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Table 1
The accuracy and precision of intra- and inter-day assays (n=5).
Nominal concentration (jg/mL) Mean calculated concentration (j.g/mL) RSD (%) RE (%)
Intra-day
0.20 0.22 9.6 9.7
Theophylline 7.50 8.12 4.7 8.2
30.00 27.72 4.8 -7.6
0.20 0.22 6.4 8.1
1-MX 7.50 8.22 7.2 9.6
30.00 31.38 9.0 4.6
0.50 0.53 114 5.9
3-MX 7.50 8.12 41 8.2
30.00 31.71 3.0 5.7
0.20 0.22 7.0 7.7
1,3-DMU 7.50 7.97 6.8 6.3
30.00 31.47 8.3 4.9
0.20 0.19 12.7 -5.1
1-MU 7.50 8.09 9.1 7.9
30.00 32.58 11.2 8.6
Inter-day
0.20 0.22 6.4 8.6
Theophylline 7.50 8.18 7.2 9.1
30.00 32.52 3.8 8.4
0.20 0.22 6.9 8.6
1-MX 7.50 6.84 4.7 -8.8
30.00 32.79 9.2 9.3
0.50 0.53 2.7 6.9
3-MX 7.50 7.96 10.9 6.1
30.00 31.71 9.5 5.7
0.20 0.19 8.1 -6.7
1,3-DMU 7.50 8.18 7.4 9.1
30.00 32.49 9.3 8.3
0.20 0.22 12.4 8.8
1-MU 7.50 8.05 6.7 7.3
30.00 32.76 8.2 9.2

theophylline, its metabolites, and IS, neither matrix effects nor the
percent loss exceeded +-20%. Therefore, no significant matrix effects
or interference from endogenous compounds were present in rat

plasma.

Table 2

3.6. Stability

A summary of assay stability under various conditions is pre-
sented in Table 3. The mean integrated peak areas of the LQC

Matrix effects and percent recoveries of theophylline, 1-MX, 3-MX, 1,3-DMU, and 1-MU in rat plasma (n=6).

Concentration (g/mL)

Matrix effect (mean % =+ SD)

Recovery (mean % =+ SD)

Theophylline
0.20
7.50

30.00

1-MX
0.20
7.50

30.00

3-MX
0.50
7.50

30.00

1,3-DMU
0.20
7.50

30.00

1-MU
0.20
7.50
30.00

0.5

50

96.31 + 1.12
97.66 + 1.54
94.11 + 1.40

97.64 + 1.41
89.63 + 2.27
91.21 + 3.31

87.62 + 2.57
96.27 + 1.54
94.63 + 2.98

91.65 + 4.29
89.96 + 3.32
97.51 + 4.31

86.62 + 2.19
95.39 + 3.61
94.19 + 3.44

94.36 + 2.77
97.96 + 1.98
96.67 + 2.17

94.21 + 1.01
101.11 £+ 2.61
97.51 + 3.19

95.44 + 2.22
98.78 + 5.14
97.61 + 1.27

103.96 + 1.99
96.51 + 3.41
91.49 + 4.33

97.46 + 2.21
91.65 + 4.51
107.66 + 2.91

96.31 + 2.13
91.44 + 4.01
106.51 + 4.55
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Stabilities of theophylline, 1-MX, 3-MX, 1,3-DMU, and 1-MU in rat plasma (n=6).

Concentration (pg/mL)

Storage condition

Stability (%) Stability (%)

Theophylline

Short term in plasma
Process (extracted sample)
Freeze—thaw cycle in plasma
Long term in plasma

Stock solution

1-MX

Short term in plasma
Process (extracted sample)
Freeze—thaw cycle in plasma
Long term in plasma

Stock solution

3-MX

Short term in plasma
Process (extracted sample)
Freeze—thaw cycle in plasma
Long term in plasma

Stock solution

1,3-DMU

Short term in plasma
Process (extracted sample)
Freeze-thaw cycle in plasma
Long term in plasma

Stock solution

1-MU

Short term in plasma
Process (extracted sample)
Freeze-thaw cycle in plasma
Long term in plasma

Stock solution

Room temperature, for 6 h
4°C, for24h

—70°C, after the third cycle
—70°C, for 20days

4°C, for 20 days

Room temperature, for 6 h
4°C, for24h

—70°C, after the third cycle
—70°C, for 20days

4°C, for 20 days

Room temperature, for 6 h
4°C, for24h

—70°C, after the third cycle
—70°C, for 20days

4°C, for 20 days

Room temperature, for 6 h
4°C, for24h

—70°C, after the third cycle
—70°C, for 20days

4°C, for 20 days

Room temperature, for 6 h
4°C, for 24h

—70°C, after the third cycle
—70°C, for 20days

4°C, for 20 days

0.2 pg/mL 30 pg/mL
101.91 109.87
100.19 104.99

92.82 97.26
93.62 101.10
94.82 103.95
0.2 pg/mL 30 pg/mL
96.05 95.67
94.76 103.22
103.29 89.27
107.61 103.63
101.13 97.61
0.5 pg/mL 30 pg/mL
94.75 99.15
102.98 106.04
88.79 89.11
107.61 103.61
99.78 98.47
0.2 pg/mL 30 pg/mL
90.66 107.50
108.72 99.49
102.51 105.30
108.61 99.96
102.16 111.71
0.2 pg/mL 30 pg/mL
90.09 96.84
103.19 85.19
112.64 106.98
95.88 88.10
87.75 92.24

(lowest quality control) and HQC (highest quality control) sam-
ples were compared before and after the stability testing described
in Section 2. No stability issues were observed from any of these
experiments.

4. Conclusions

A rapid, specific, and reliable LC-MS/MS-based bioanalytical
method was successfully developed and validated to simultane-
ously quantitate levels of theophylline, 1-MX, 3-MX, 1,3-DMU,
and 1-MU in rat plasma. This report represents the first time
that LC-MS/MS has been applied in an assay for simultane-
ous quantitation of theophylline and its metabolites in rat
plasma via protein precipitation. The current chromatographic
conditions provided both suitably short retention times and
well resolved peaks in analyses of all five analytes. The use
of different collision energies can significantly reduce back-
ground noise and interference peaks without sacrificing sensitivity.
Therefore, the combination of chromatographic separation and
the modification of mass spectrometric parameters can effi-
ciently shorten HPLC run times. The assay described herein also
demonstrated a high degree of reproducibility and suitable pre-
cision and accuracy. The relatively short sample preparation
time, together with the short LC run time, makes the present
method practical for cost-effective, high-throughput sample
analyses.
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