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A b s t r a c t

Theophylline has been used in the treatment of bronchial asthma and chronic obstructive pulmonary disease
(COPD) for over 70 years. In order to maximize the effectiveness and safety of theophylline therapy it is important
to individualize the dosage of the drug. In our study we focused on determination of theophylline concentrations
in guinea pig plasma. A rapid, specific, and reliable LC-MS/MS-based method was developed and validated accord-
ing to European Medicine Agency (EMA) guidelines. A hydrophilic interaction liquid chromatography (HILIC)
separation mode for reduction time of sample preparation was used. The analysed sample was quantified in
a positive ionization mode. Multiple reaction monitoring (MRM) using transition m/z 181.06→124.06 and
m/z 187.17→127.06 was performed to quantify theophylline with deuterated internal standard ([2H6]-theo-
phylline), respectively. Modification of collision energies was performed in parallel with chromatographic separa-
tion to further eliminate interference from the matrix. The method was validated for a range of 0.5 to 30 µg/mL of
plasma sample. The intra-day and inter-day precision and accuracy of the quality control samples at low, me dium,
and high concentration levels exhibited relative standard deviations (RSD) of less than 10 %. The method was
successfully applied for the quantitation of theophylline in guinea pig plasma for better understanding its effects
in a model of ovalbumin-induced allergic inflammation.
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INTRODUCTION

Theophylline is a xanthine derivative, pharmacologically similar to other xanthine compoun -
ds, theobromine and caffeine; however, there is a variation in the intensity of their actions (1).
Theophylline is extensively metabolized in vivo and eliminated by cytochrome P-450-media -
ted hepatic oxidation, predominantly by 8-hydroxylation to 1,3-dimethyluric acid. In addi-
tion, theophylline is converted to 1-methylxantine and 3-methylxantine (2, 3). Metabolic
pathways of theophylline with structure of its metabolites are shown in Fig. 1.

Although theophylline has been used in clinical practice for a long time, some of its mecha -
nisms of action at molecular level are still not completely elucidated. Several molecular
mechanisms of action have been proposed, but they appear to occur predominantly at
higher concentrations than are clinically relevant – often more than 20 mg/L (Table 1).
Theophylline competitively and non-selectively inhibits phosphodiesterases which degrade
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cyclic AMP (cAMP) - the increased concentrations of intracellular cAMP mediate pharmaco-
logic effects of the drug (4–7). 
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Tab. 1 Proposed mechanism of action of theophylline (11)

Phosphodiesterase inhibition (nonselective)

Adenosine receptor antagonism

Increased interleukin (IL)-10 release

Stimulation of catecholamine release

Mediator inhibition (prostaglandins, tumor necrosis factor-α)

Inhibition of intracellular Ca2+ release

Inhibition of nuclear factor-κB (↓ nuclear translocation)

Increased apoptosis

↑ Histone deacetylase activity (HDAC, ↑ efficacy of corticosteroids)

The therapeutic range of effective plasma concentrations of theophylline is relatively nar-
row and various side effect occur when plasma levels exceed 20 mg/L (8). Asthmatic
patients receive a variety of dosage forms of theophylline in different dose schedules. Serum
theophylline concentrations show considerable inter-individual variations in patients, pre-
sumably due to variations in the extent of metabolism. Based on recommendations of se -
veral authors the theophylline levels required for an optimal bronchodilator effect range
from 8 to 20 mg/L (9–11). 

In recent years several high-performance liquid chromatography (HPLC)-based analytical
methods using UV detection have been proposed and published for the quantitation of theo-
phylline. Most of these methods suffer from long run times and poor selectivity or lack of
validation (12–16). In last years HPLC coupled to mass spectrometry (MS) plays an impor-
tant role in drugs concentrations determination. The use of MS has decreased detection
limits to ng/mL and using ultra-high performance liquid chromatography (UHPLC) has led
to a significant reduction of run times (under 10 minutes). However, many of the published
methods for theophylline determination involve multistep extractions, large volumes of
organic solvent, and require a complicated sample preparation (17, 18). A hydrophilic inter-
action liquid chromatography (HILIC) separation mode has emerged as a valuable comple-
mentary technique to reversed-phase (RP), being especially suitable for an analysis of polar
and ionized solutes which are difficult to retain in RP. A characteristic of HILIC is the use
of polar stationary phase and an eluent composed of an aqueous buffer solvent and an
organic water-soluble modifier (e.g. acetonitrile). Separation of the analytes is based on
their respective hydrophilicity or polarity. HILIC separations are very easy to combine with
MS analysis of water-soluble polar compounds because the high organic content in the mo -
bile phase leads to rapid evaporation of the solvent during electrospray ionization (19, 20).
Up to now there has been no validated method for determination of theophylline in guinea
pig plasma using HILIC separation mode published yet (21, 22). The importance lies in the
fact that the effects observed in experimental study are dependent on the plasma levels (6, 7).
These can be influenced by the dose administered, inter-species differences in the metabo-



lism and elimination, and potential interactions when administering theophylline with other
drugs in combination therapy. Therefore, the exact plasma concentrations may elucidate
the effectiveness of the therapy observed during experiments (in vivo reactivity, in vitro reac-
tivity, anti-inflammatory action, etc.), adverse effects observed especially in cardiovascular
system, as well as the risk of pharmacokinetic interactions during administration (15).
Furthermore, the method can be used in other species in order to compare the metabolism
and effectiveness of theophylline in various experimental conditions (e.g. meconium aspi-
ration syndrome, acute lung injury, etc.; 23–25).

The aim of our study was to develop and validate an LC-MS/MS method (using Euro -
pean Medicine Agency – EMA parameters) for determination of theophylline concentra-
tions in guinea pig plasma and to apply this method for a measurement of theophylline
concentrations required for subsequent correlations with airway reactivity in ovalbu -
 mi n-induced allergic inflammation (26, 27). We focused on reducing the duration of sam-
ple preparation and run time of analysis. Our method was fully validated and suitable for
a routine analysis. 

MATERIAL AND METHODS

Chemicals and Reagents 
Theophylline, [2H6]-theophylline solution (100 µg/mL in methanol), LC/MS grade metha -

nol, LC/MS grade acetonitrile, LC/MS grade water for chromatography and formic acid
98–100 % for LC/MS were purchased from Sigma-Aldrich (St. Louis, MO, USA). K3EDTA
guinea pig plasma was purchased form Innovative Research (Novi, MI, USA). Ovalbumin
(lyophilized powder, > 98%) and other reagents used in this study were of analytical grade
and were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Mass Spectrometry
A Waters (Waters, Prague, CZ) Xevo TQ-S triple quadrupole mass spectrometer was used.

Mass spectra were acquired using positive electrospray ionization and MRM transitions.
The capillary voltage was 3.0 kV and the source temperature and desolvation temperature
were 150 and 550 °C, respectively. The cone gas and desolvation gas flowed at 150 and
1000 L/h, respectively. As a collision gas we used argon flowed at 0.15 mL/min. The colli-
sion energies and source cone voltages were manually optimized for each MRM transition.
Data were acquired with MassLynx 4.1(Waters, Prague, CZ) and quantified by TargetLynx
software (Waters, Prague, CZ).

Ultra-Performance Liquid Chromatography
We used Waters ACQUITY UPLC (Waters, Prague, CZ) system (consisting of an auto-

sampler, a binary LC pump (BSM) and column oven), and CORTECS UPLC HILIC column
– 2.1 mm x 50 mm, 1.6 µm particle size (Waters, Prague, CZ) with HILIC VanGuard pre-col-
umn (Waters, Prague, CZ) for analyses. Mobile phase A consisted of 0.1 % formic acid in
water, and mobile phase B was pure acetonitrile. Mobile phase gradient program was as fol-
lows: 2.5 % of A for 0.1 min; increased to 6 % A from 0.1 to 0.5 min; 20 % A from 0.5 min
to 1.4 min; 20 % A from 1.4 to 1.5, and then 2.5 % A from 1.5 min to 3.2 min. Column
tempe rature was set at 30 °C. The flow rate was 0.4 mL/min and injection volume was
0.125 µL. The auto-sampler temperature was set at 8 °C. 

Standard Stock Solution and Working Solution Preparation
Standard stock solution containing 1 mg/mL concentration of theophylline and 10 µg/mL

of [2H6]-theophylline (internal standard solution – IS) were made up in methanol. Stock
solutions were stored at -80 °C. Working solutions of six standards (0.5, 1, 3, 10, 20 and
30 µg/mL) and three quality control samples (QCs, 0.5, 10.0, and 22.0 µg/mL) were pre-
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pared in 1 mL drug-free guinea pig plasma by dilution of the stock solution. The standards
were prepared on the day of analysis, and the QCs were prepared in bulk monthly and
stored at -80 °C. The sample preparation started with a protein precipitation step. The 50 µL
of plasma and 5 µL of IS solution (10 µg/mL) were vortexed rigorously for 20 seconds,
followed by an addition of 1.5 ml of pure acetonitrile. The mixture was consequently vor-
texed for 45 seconds and then centrifuged at 16 500 x g for 5 min at 4 °C. Supernatant was
transferred to sample vials and analysed by UPLC-MS/MS. 

Method Validation
The method was validated according to the European Medicine Agency (EMA) guidelines

with respect to selectivity, linearity, accuracy, precision, recovery, matrix effect, and sta-
bility. 

Selectivity and lower limit of quantification
To investigate the method selectivity, six guinea pig plasma blank samples were pre-trea ted

and analysed at lower limit of quantification (LLOQ).

Calibration curve
A calibration curve was constructed from a blank sample (blank plasma processed with-

out an IS), a zero sample (plasma processed with IS), and six non-zero samples covering the
total range 0.5–30.0 µg/mL. Six samples of each concentration were measured and the
curves were fitted by a linear weighted (1/x2) least squares regression method through the
measurement of peak-area ratio of analyte to IS. The calibration curve had to have a corre-
lation coefficient (r2) of 0.98 or higher. The acceptance criterion for each back calculated
standard concentration was 15 % deviation from the nominal value except LLOQ which was
set at 20 %. 

Recovery
Recovery of theophylline was evaluated by comparing the mean peak areas of quality con-

trol samples (n = 6) extracted low (0.5 µg/mL), medium (10.0 µg/mL), and high (22.0
µg/mL) concentration levels compared with reference solutions (unprocessed). Recovery of
IS was evaluated by comparing between blank spiked with IS (n = 6) versus reference solu-
tions (unprocessed) of the same concentration.

Matrix effects
The matrix effects (MEs) were determined based on Matuszewski et al. (28) whether the

potential ion suppression or enhancement owing to the co-eluting matrix components exist-
ed in the present experiment. The corresponding peak areas of theophylline form spike-
after-extraction samples at one concentration level (10.0 µg/mL) were compared in respec-
tive unprocessed or aqueous standard. MEs of IS were investigated at the concentration
level of 1.0 µg/mL in a similar way. 

Precision and accuracy
To evaluate the precision and accuracy of theophylline quantification method, QC sam-

ples at three concentration levels (0.5, 10.0, and 22.0 µg/mL) were analysed in six repli-
cates. The whole experiment was reproduced for accuracy checking in three consecutive
days. The method precision was calculated by using relative standard deviation (RSD %)
method and accuracy was expressed as relative error (RE %).

Stability
Stability of stock solutions and working solutions of theophylline and IS, which were

stored at 4 °C for 14 days and at room temperature (21 °C) for 5 h, were tested by com -
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paring the instrument response with that of freshly prepared solutions. The analytes were
considered stable when the intensities ranged between 85 and 115 % of the initial solutions.
The stability of theophylline in guinea pig plasma was evaluated by analysing the replicates
(n = 6) of plasma samples that were exposed to different conditions (time and temperature)
at two concentrations (10.0, and 22.0 µg/mL). These results were compared with the
results obtained from freshly prepared plasma samples. The analyte was considered to be
stable in the biological matrix and acceptance criteria was ± 15 %. The long term stability
was determined after exposure of the spiked samples at -20 °C for 30 days. The freeze-thaw
stability was evaluated after complete three freeze thaw cycles. 

Application of the Method
The method was applied to samples obtained from the guinea pigs. The study protocol

was approved by a local Ethics Committee of the Jessenius Faculty of Medicine in Martin,
Comenius University in Bratislava (Slovakia). Male adult guinea pigs of TRIK-strain,
weighing 250–350 g, purchased from the Department of Experimental Pharmacology of
the Slovak Academy of Sciences in Dobra Voda (Slovakia), were used in the study. The
guinea pigs were kept in an animal house and had adequate food and water ad libitum.
The animals were randomly divided into six groups (n = 8 in each). One of the groups was
left without sensitization and served as a control group. The remaining five groups were
sensitized with ovalbumin (OVA) for the investigation of airway responsiveness in
response to repeated exposures to OVA antigen. The guinea pigs in one of the sensitized
groups were given vehicle only and served as an OVA-sensitized control group. The
remaining four sensitized groups were treated with theophylline at the doses of 5, 10, or
20 mg/kg, given intraperitoneally for one day (single dose) or for seven days (seven doses)
from the 15th day of sensitization. Detailed information about sensitization procedure can
be found in our previous publication (29). Samples of blood were taken to the K2EDTA
tubes immediately after sacrificing the animals. The blood was centrifuged immediately
at 2,000 x g for 15 min. Afterwards, plasma was separated and kept frozen at -80°C until
analysis.

RESULTS AND DISCUSSION

UPLC-MS/MS Method Development
We used electrospray ionisation MS/MS to perform an analysis of theophylline concen-

trations. Positive ionisation was selected to quantify the analyte because positive ion mass
spectrometry gave a protonated molecular ion without adduct formation over negative ioni -
sation. The combination of chromatographic separation by UPLC and successive mass fil-
trations by monitoring the transition of protonated ion to product ion provided excellent
specificity for the theophylline and IS. The positive ion electro-spray mass spectrum of ana-
lyte gave a protonated molecular ions at m/z 181.06 for theophylline, m/z 187.17 for IS and
product ions at m/z 124.06 (theophylline quantification ion), m/z 96.08 (theophylline
qualifi cation ion), and m/z 127.06 (IS). The MRM parameters were optimized to maximize
the response for analyte. This method is robust, simple, and rapid, which makes it an
attractive procedure in high-throughput bioanalysis. 

The CORTECS UPLC HILIC column with UPLC HILIC VanGuard pre-column was used for
analysis. For the optimal separation the gradient elution program was established, using
formic acid as an additive into A mobile phase for better ionisation process. Using HILIC
method we reduced the time during sample preparation because high percentage of organic
solvents is compatible with this type of stationary phase and led to increased signal from MS
detector. The retention time for theophylline was 0.59 min (Fig. 1). The developed method
used very fast separation which determined it for routine analysis. 
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Calibration Curves
Calibration curve was linear over the concentration range of 0.5–30.0 µg/mL for the ana-

lyte. The six-point calibration curve gave acceptable results for the analyte and was used
for all calculations. The mean correlation coefficient of weighted (1/x2) calibration curve
generated during the validation was 0.995 for the analyte (Fig. 3). The precision and accu-
racy for analyte covering the concentration of 0.5–30.0 µg/mL ranged from 2.12 to 8.76 and
91.23 to 106.76 %, respectively. The calibration curve obtained as described above was
suitable for obtaining the values of the analyte concentrations in the samples during the
validation for theophylline in guinea pig plasma. 

Specificity
The method specificity was examined by analysing blank guinea pig plasma extract which

was spiked with IS. We did not observe any significant interference from endogenous sub-
stances in the drug free plasma at the retention time of theophylline (Fig. 2). With injection
volume of only 0.125 µL we kept an excellent sensitivity corresponding to the whole range
of calibration curve.

Recovery and Matrix Effect
The extraction recovery of theophylline was 79.2 % and the recovery of [2H6]-theophylline

was 72.1 % at the concentration used in the method (1.0 µg/mL). Recovery of the analyte

A C T A  M E D I C A  M A R T I N I A N A  2 0 1 7   1 7 / 310

Fig. 1 Metabolic path-
ways of theophylline

(chemical structure of
theophylline and its

metabolites with che-
mical properties).
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and IS were consistent, precise, and reproducible. The matrix effect was less than 10 % for
both analytes (2.3–8.7 %).

Precision and accuracy
The intra-day and inter-day results across three concentration levels (0.5, 10.0, and

22.0 µg/mL) for theophylline and IS ranged from 1.2–9.6 % (RSD %) and the intra and
inter-day accuracy was within 88.3–109.4 % (RE %). 

Stability
The sample long term storage stability at -20 °C was evaluated to establish acceptable stor-

age conditions. Aliquots of guinea pig plasma samples spiked with theophylline at concentra-
tions of 10.0 and 22.0 µg/mL were analysed on day 1. The same samples were afterwards
analysed after 30 days. The precision and accuracy for the analyte on day 30 ranged from
3.4 to 5.6 and 94.5 to 106.4 %, respectively. Freeze-thaw stability of the theophylline was deter-
mined by measuring the method precision and accuracy for samples which underwent three
freeze-thaw cycles. The stability data were used to support repeat analysis. The frozen plasma
samples containing the analyte were thawed at room temperature for 2–3 h, refrozen for
12–24 h, repeated this cycle three times and then analysed. The results of measurement
showed that theophylline was stable in guinea pig plasma through three freeze-thaw cycles.
The precision ranged from 2.5 to 4.7 % and the accuracy ranged from 94.7 to 101.8 %. 
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Fig. 2 LC-MRM ion-chromato -
grams resulting from the analysis
of blank (theophylline and 
[2H6]-theophylline free) guinea pig
plasma A. MRM for theophylline;
B. MRM transition for [2H6]-theo-
phylline and representative ion-
chromatograms of real sample
spiked with internal standard C.
MRM transition for theophylline;
D. MRM transition for [2H6]-theo-
phylline. Plot of signal (relative
abundance, y-axis) versus reten-
tion time (minutes, x-axis)



Analysis of samples
The developed method was used for analysis of plasma samples from guinea pigs treated

with different dosing schedules (one or seven times with 5 mg/kg, 10 mg/kg, 15 mg/kg, or
20 mg/kg). In groups treated with theophylline one or seven times at dose of 5 mg/kg we
detected 9.5 ± 2.6 µg/mL and 7.3 ± 2.9 µg/mL, respectively. In groups treated with one
or seven doses of 10 mg theophylline per kg the concentrations were 8.5 ± 1.1 µg/mL and
12.1 ± 1.1 µg/mL, respectively. In groups of guinea pigs, which received 15 mg/kg one or
seven times, the concentrations were 20.6 ± 5.5 µg/mL and 24.6 ± 2.4 µg/mL, respectively.
24.6 ± 2.5 µg/mL and 35.6 ± 7.4 µg/mL concentrations were detected in groups treated with
dose of 20 mg/kg one or seven times, respectively. The results are summarized in Fig. 4. 
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Fig. 3 Calibration curve for extracted theophylline from guinea pig plasma with calibration coefficient and
calibration curve parameters. Plot of response factor (y-axis) versus concentration in ng/mL (x-axis).

Fig. 4 Concentrations of 
theophylline in guinea 
pig plasma groups at 
different administrated
doses single dose of 
repeated dose – 7 days 
(5 mg/kg, 10 mg/kg,
15 mg/kg, and 20 mg/kg).
Data are shown as mean 
± standard error of 
measurement.
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In our previous study (15) we compared the effects of theophylline on airway reactivity in in
vivo and in vitro conditions, as well as its anti-inflammatory effects. The administration of
various doses of theophylline led to suppressive effect on several markers of inflammation
(relative eosinophil counts in bronchoalveolar lavage fluid and plasma, IL-4 and IL-5
concentrations in lung homogenate, suppressed airway reactivity), which correlated with
measured plasma concentrations. However, in that study UPLC method with UV detector
was used and the plasma levels obtained by that detection differed from concentrations
measured in this study. Therefore, when considering the therapeutic range and the most
suitable dosing regimen, the method for detection should be taken into account (6). The
results presented in this study suggest that the dosing regimen of 10 mg/kg is fully in
therapeutic range and 15 mg/kg was on the upper range with an increased risk of adverse
effects. However, in this experiment we used guinea pigs and not humans; thus, the inter-
species differences in pharmacokinetics should be considered and the results must be
“translated” with caution. The measured plasma concentrations of theophylline in this
experiment enable further evaluation of theophylline effects and their correlation with
markers of inflammation, airway reactivity, cough responses, status of oxidation and
apoptosis in the model of ovalbumin-induced allergic inflammation (7, 15, 22). 

CONCLUSIONS

In our study we developed and validated the UPLC-MS/MS method for determination of
theophylline plasma concentrations in guinea pigs. The method was validated in complian -
ce with EMA guidelines. For separation we used HILIC chromatography separation mode,
which allowed us to reduce the time of sample preparation. The samples were prepared by
protein precipitation without any purification step. The use of UPLC allows a rapid through-
put with a 3.2-min run time. The method using a positive ion ionisation with MRM tran -
sitions is simple and demonstrated a good linearity over the analytical range from 0.5 to
30.0 µg/mL. The relatively short sample preparation time, together with the short LC run
time, make the present method practical for cost-effective, high-throughput sample analyses. 
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