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Abstract

To investigate the mechanism by which theophylline crosses the blood-brain barrier (BBB) and its disposition, we determined unbound
theophylline in rat blood and brain using microbore liquid chromatography coupled with microdialysis. Microdialysis probes were inserted
into the jugular vein and the brain striatum of male Sprague—Dawley rats. Then theophylline at dosage of 10 or 30 mg/kg was administered
through the femoral vein. Theophylline and dialysates were separated using a microbore phenyl-hexyl column 15@mm5um).

The mobile phase comprised of acetonitrile—methanol-10 mM monosodium phosphate (pH 3.0) (10:20:70, v/v/v). The UV wavelength was
set at 270 nm. The concentration-response relationship was linear over a concentration range ofu@0b6k-5ftra-assay and inter-assay
precision and accuracy of theophylline fell within 10%. Average in vivo recoveries wédet00.06 in blood and @7 + 0.07 in brain with
theophylline at concentrations 1, 2 angl&/ml. This biological sampling method thereby allowed the determination of theophylline levels in
blood and brain tissues. The disposition of theophylline in the blood and brain tissue suggests that there was rapid exchange and equilibration
between the blood and brain system. The drug—drug interaction results indicate that theophylline was able to cross BBB, but that it might not
be regulated by-glycoprotein to the pharmacokinetics of theophylline.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction membrane-bound ATP dependent efflux transporter. It is
becoming increasingly recognized thaglycoprotein can
Theophylline is a methylxanthine which acts as a have significant effects on the absorption, distribution,
bronchial smooth muscle relaxant and a suppressor ofmetabolism and excretion of drugs. These effects are par-
non-bronchodilator response of airways, and whose bron-ticularly apparent when considering the oral bioavailability
chodilator mechanism is through the inhibition of phos- and the CNS distribution of several therapeutic compounds
phodiesterase by increase of cAMP. Because of serious[4]. It is not known whether theophylline may also be a
morbidity and mortality of theophylline toxicity, monitor-  substrate fop-glycoprotein.
ing the plasma concentrations of theophylline to decrease Most of the liquid chromatographic (LC)-based ap-
its side effects has been recommended. Theophylline wasproaches reported to date result in the measurement of
reported[1] to be metabolized by multiple forms of cy- total drug concentration rather than the unbound fraction.
tochrome P450s in human, rabbit, and rat liver microsomes. Furthermore, some studies have attempted to monitor the
These metabolites are 1-methylxanthine, 3-methylxanthine, protein-unbound form of theophylline, focusing on the
1-methyluric acid and 1,3-dimethyluric adid]. level in blood and brait5,6]. p-Glycoprotein is expressed
It is also well known that toxic doses of theophylline in normal tissues with excretory functions, such as liver,
may cause effects in the central nervous system (CNS)kidney, intestine, blood—brain barrier (BBB), etc. which
such as stupor and convulsiofi3]. p-Glycoprotein is a potentially results in drug—drug interaction. This method
causes minimal disturbance to the hemodynamics and
* Corresponding author. Tek:886-2-2820-1999x8091 physiological processes of the experimental animal._ The
fax: +886-2-2826-4276. data thus obtained provide the basis for the construction of
E-mail address: thtsai@nricm.edu.tw (T.-H. Tsai). pharmacokinetic profiles and analyses.
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Although several LC methods have been described for thetion (Cnom) and the mean value of the observed concentra-

measurement of theophylline from biological samfile3]
and summarized in a tab]@], few assays has been reported

tion (Copg) as follows: bias (%)= [(Cops— Cnom)/(Chom)] X
100. The R.S.D. was calculated from the observed concen-

to measure protein unbound theophylline in rat blood and trations as followq9]: precision (% R.S.D.}= [S.D./Copd
brain. In 2000, Kanazawa et al. used a column-switching x 100.

method coupled with atmospheric pressure chemical ion-

ization (LC-APCI-MS) to determine theophylline and its
metabolites in biological sampl¢8]. Here in order to inves-
tigate the BBB penetration of theophylline and its distribu-

2.4. Animals

The institutional animal experimentation committee of the

tion ratio, we developed a microdialysis technique coupled National Research Institute of Chinese Medicine reviewed

with sensitive microbore liquid chromatographic system to
monitor the protein-unbound theophylline level in rat blood
and brain. In addition, cyclosporine, @glycoprotein in-

hibitor, was co-administered with theophylline to explore the

mechanism of the pharmacokinetics of theophylline in rats.

2. Experimental
2.1. Chemicals and reagents

Theophylline and cyclosporine (Sandimmun) were pur-
chased from Sigma (St. Louis, MO, USA) and Novartis
(Basle, Switzerland), respectively. Chromatographic sol-
vents were obtained from E. Merck (Darmstadt, Germany).
Triple deionized water from Millipore (Bedford, MA, USA)
was utilized for all preparations.

2.2. Liquid chromatography

HPLC was performed with a chromatographic pump
(BAS PM-80, West Lafayette, IN, USA), a Rheodyne Model
7125 injector equipped with a 30 sampling loop and an ul-
traviolet detector with micro flow cell (Varian, Walnut Creek,

and approved all experimental protocols involving animals.
Male, specific pathogen-free Sprague—Dawley rats were ob-
tained from the Laboratory Animal Center of the National
Yang-Ming University, Taipei. The animals had free access
to food (Laboratory rodent diet No. 5P14, PMI Feeds, Rich-
mond, IN, USA) and water until 18 h prior to being sup-
plied for experiments, when only food was removed. The
rats were initially anaesthetized with urethane 1g/ml and
a-chloralose 0.1 g/ml (1 ml/kg, i.p.), and remained anaes-
thetized throughout the experimental period. The rats’ body
temperature was maintained at°87with a heating pad dur-
ing the experiment.

2.5. Blood and brain microdialysis

Blood and brain microdialysis systems comprised of a
CMA/100 microinjection pump (CMA, Stockholm, Swe-
den) and microdialysis probes. The dialysis probes for blood
(20mm in length), and brain (3mm in length) were made
of silica capillary in a concentric desighO—12] Their tips
were covered by dialysis membrane (Spectrum Lab. 200
i.d. with a cut-off at nominal molecular weight of 13,000,
Laguna Hills, CA, USA) and all unions were cemented with
epoxy. At least 24 h was allowed for the epoxy to dry. The

CA, USA). Separation was achieved by a Phenomenex Lunablood microdialysis probe was located within the jugular

microbore phenyl-hexyl column (150 mm1 mm i.d.; par-

ticle size 5um, Torrance, CA, USA). The mobile phase
consisted of acetonitrile—methanol-10 mM monosodium
phosphate (pH 3.0) (10:20:70, v/v/v), with a flow-rate of

vein/right atrium and then perfused with anticoagulant dex-
trose (ACD) solution (citric acid 3.5mM; sodium citrate
7.5mM; dextrose 13.6 mM) at a flow rate ofumin em-
ploying the microinjection pump. For brain microdialysis,

0.05ml/min, and the wavelength was 270 nm. Output data the microdialysis probe was implanted in the right striatum

from the detector were integrated using an EZChrom chro-

(coordinates: AP 0.4 mm, ME-3.0 mm, DV —7.0 mm) ac-

matographic data system (Scientific Software, San Roman,cording to the Paxinos and Watsfi8]. The microdialysis

CA, USA).

2.3. Assay validation

probe was perfused with Ringer’s solution (147 mM™Na
2.2mM C&*; 4mM K*; pH 7.0) at a flow-rate of gl/min.

The positions of the probes were verified by standard histo-
logical procedure at the end of experiments.

Quantification was obtained by the measurement of drug A retrograde calibration technique was utilized during in

concentration against the peak area of theophylline. The con-vivo recovery. The blood and brain microdialysis probes
centration of unknown dialysate samples was determinedwere inserted into the jugular vein of rats, and brain striatum
by using the linear regression line (unweighted) of the con- under anesthesia. Following a stabilization period of 2 h post
centration standard versus peak area. The precision of theprobe implantation, the perfusatéys) and dialysateQgial)
method was expressed as the intra-day and inter-day coeffi-concentrations of theophylline were determined by HPLC.
cients of variation (%), which were assayed (six replicates) ACD solution containing theophylline (for blood microdial-
at concentrations of 0.05, 0.1, 0.5, 1, 5, 10 angh§0nl on ysis) or Ringer’s solution containing theophylline (for brain
the same day and on 6 sequential days, respectively. The acmicrodialysis) was perfused through the probe at a constant
curacy (% bias) was calculated from the nominal concentra- flow rate (2ul/min) by the infusion pump (CMA/100). The
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in vivo relative recoveryRyia) of theophylline across the mi-  variance (ANOVA) was used for the comparison between the
crodialysis probe was calculated by the following equation: control (theophylline alone) and cyclosporine treated group.
Rdial = (Cperi — Cdia)/ Cperf. The microdialysate recovery  All statistical tests were performed to the two-sided 5% level
and concentration calculations were performed according toof significance.

our previous report§l2,14] Theophylline microdialysate
concentrations@q) were converted to unbound concentra-

tion (Cy) as follows:Cy = Cm/ Rdial- 3. Results and discussion

2.6. Drug administration 3.1. Chromatography

The drug was subsequently administered according to  1YPical chromatograms of theophylline in rat blood and
the following study design. Six animals were used in each Prain are shown ifrigs. 1 and 2respectively. The retention
group. All the administered drugs were dissolved in saline {ime of theophylline was 5.1 min. The calibration graph of
with injection volume 1ml/kg by i.v. bolus injection. The theophylline was obtained prior to LC analysis of dialysates
control group received a dose of 10 mg/kg theophyliine. For OVer concentration range of 0.05-@/ml. None of the
the cyclosporine treated group, cyclosporine 10 mg/kg was

injected via the femoral vein 10 min before theophylline (A) B) (©)
10 mg/kg injection, respectively. Outflow dialysates from
blood, and brain were collected in a fraction collector 0.07 0.07 0.07
(CMA/140) every 10min. These dialysate samples were 0.06 0.06 0.06 1
measured by HPLC during the same experimental day. § 005 1 0.05 ‘ 0.05
2.7. Pharmacokinetics 8 0.04 0.04 0.04

o _ Q 0.03 0.03 0.03

Pharmacokinetic calculations were performed on each <

individual animal’s data utilizing the pharmacokinetic cal- <002 0.02 0.02
culation software WinNonlin Standard Edition Version 0.01 0.01 \JL 0.01
1.1 (Scientific Consulting, Apex, NC, USA) by a non- 0.00 0.00 0.00
compartmental method. The area under the concentration—
time curve (AUC), the area under the first moment curve 0 10 0 10 0 10
(AUMC) and the mean residence time (MRT) were all Time (min)

calculated by statistical momerts5]. Formation rate con-
stants were calculated from the extrapolated formation Fig- 1. Typical chromatograms of (A) standard theophylline.gémi), (B)

. . blank blood dialysate from the microdialysis probe before drug administra-
slope determined by the residual method. The AUCs from tion, and (C) blood dialysate sample containing theophylline (ag@l)

time zero t_o time inﬁnity (AU@-G) Were_ Calf:u!aFed by collected from the rat blood microdialysate 20 min after theophylline ad-
the trapezoidal rule and extrapolated to time-infinity by the ministration (10 mg/kg, i.v.). (1) Theophylline.

addition of AUG_«. An analogous method was employed

to calculate the AUMC with the concentration versus time ) ®) ©)

data, as follows:
AUC = AUC Clast
= 0+ +AUC, = AUCq_; + /\ 0.004 1 | 0.004 0.004
Z
Q
C C
AUMC — AUMCiag; + ( st X )iast) (Ala)s; % 0.003 0.003 0.003] | ,
Z Zz
. £ 0.002 0.002 0.002
whereCjast andtjast are the last observed concentration and 3
time, resp_ectlvely; and% the terminal §Iopg which is esti- 2 0.001 0.001 0.001
mated by linear regression of the logarithmic value of the last
observed data. The clearance (Cl) and MRT were calculated ]
0.000 0.000 0.000
as follows: Cl= dosg AUC and MRT = AUMC/AUC. ' 1 fh e M
The blood-to-brain distribution was calculated as follows: 0 10 0 10 0 10
AUCpyrain/ AUCploog: Time (min)

Fig. 2. Typical chromatograms of (A) standard theophylline (@5nl),

(B) blank brain dialysate from the flow-through microdialysis probe be-
L . . . fore drug administration, and (C) brain dialysate sample containing theo-
The statistical analysis was performed with SPSS version phyiiine (0.2.g/ml) collected from the rat brain microdialysate 20 min

10.0 (SPSS Inc. Chicago, IL, USA). One-way analysis of after theophylline administration (10 mg/kg, i.v.). (1) Theophylline.

2.8. Satistical analysis
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Table 1 Table 2
Intra-day and inter-day precision (R.S.D.) and accuracy (bias) of the In vivo microdialysate recovery of theophylline in rat blood and brain
HPLC method for the determination of theophylfine

Concentration i(g/ml) Recovery
Nominal Observed R.S.D. Bias lood
concentration concentration (%) (%) B (io 0.7 0.07
/ml /ml ) )
(ng/mi) (ng/mi) 5 0744+ 0.04
Intra-day 5 0.72+ 0.05
0.05 0.045+ 0.004 8.9 -10.0
0.10 0.102+ 0.002 2.0 2.0 Average 0.74+ 0.06
0.50 0.508+ 0.014 2.8 16 Brain
1.00 0.996+ 0.007 0.7 -0.4 1 0.30+ 0.09
5.00 4.99+ 0.16 3.2 -0.3 2 0.27+ 0.07
10.00 9.92+ 0.28 2.8 -0.8 5 0.24+ 0.05
50.00 50.68+ 0.93 1.8 1.4
Average 0.27+ 0.07
Inter-day
0.05 0.049+ 0.004 8.2 -20 Data are expressed as mednS.D.(n = 4).
0.10 0.103+ 0.002 1.9 3.0
0.50 0.498+ 0.012 2.4 -0.4 . . o
1.00 1.001+ 0.005 0.5 0.1 (Table 3. The Fransport propertle_s of t_h_e microdialysis
5.00 5.18+ 0.25 4.8 35 probe are described by the extraction efficiency or the term
10.00 10.08+ 0.19 1.9 0.9 of recovery. Slow perfusion rate obtains higher recovery but
50.00 4846+ 0.46 0.9 -3l smaller sample volume per unit time. Actually, several fac-
2 Data are expressed as meaasS.D. @ = 6). tors are interrelated to the recovery, such as sample volume,

_ _ _ proteins surrounding the dialysis membrane, perfusion rate
observed peaks interfered with the analyte in the chro- and sampling interval. The in vivo protein binding of theo-

matogram of the blood and brain samples. The limits of phylline in rat blood has been reported of @& 6.2%[17].
detection (LOD) and quantification (LOQ) were 0.01 and

0.05pg/ml, respectively. In this experiment, the perfor- 3.3. Pharmacokinetic application

mance of microbore phenyl column was compared to the

conventional ODS column, the peak shape, peak tailing and These pharmacokinetic curves indicate that the dispo-
shorter run time have been improvd®]. The phenyl-based  sition of theophylline in rat brain exhibited a peak con-

microbore column for the separation of theophylline from centration after 20—-30 min of theophylline administration

biological dialysates has not been reported. (10 and 30 mg/kg), followed by a slow elimination phase.
The distribution ratio of theophylline in brain and blood
3.2. Determination of theophylline (AUCpraif AUCpjo04d) Were Q05+ 0.01, and 010+ 0.01, for

the doses of 10 and 30 mg/kg, respectivaigile 3.

This chromatographic system was validated for both intra-  Our results indicating the efflux permeability of theo-
and inter-day precision (0.7-8.9%) and accuracy (0.3—-10.0%phylline through the BBB were evaluated using in vivo brain
(Table 3. Accuracy and precision values withifnl0% cov- microdialysis technigue, which is in agreement with the pre-
ering the actual range of experimental concentrations werevious report[18,19] Theophylline was rapidly distributed
considered acceptabl]. Average in vivo recovery levels into the brain at a peak time of 20-30 min. Furthermore,
of theophylline were 4+0.06 in blood and 27+0.07 in administration of higher dose of theophylline 30 mg/kg pro-
brain with theophylline at concentrations 1, 2 andgiml duce an approximately two-fold increase in the brain distri-

Table 3
Pharmacokinetic parameters of the control group, with theophylline administration (10 or 30 mg/kg, i.v.); and the treated group, with cyqlGgpprine
10mg/kg injected via femoral vein 10 min prior to theophylline 10 or 30 mg/kg administration.

Parameters Theophylline 10 mg/kg Theophylline 30 mg/kg
Without Cys With Cys Without Cys With Cys
Blood
AUC (minugmi~1) 1596 + 253 1276+ 152 6468+ 639 5930+ 587
Cl (I/(kg min)) 6.98+ 1.14 8.27+ 0.92 4.90+ 0.56 5.33+ 0.68
MRT (min) 163+ 35 174+ 16 265+ 33 212+ 14
Brain
AUC (minugmi=t) 71+7 72+ 8 638+ 76 688+ 63
MRT (min) 130+ 8 104+ 10 144+ 4 135+ 8
AUCprain/AUCbiood 0.05+ 0.01 0.05+ 0.01 0.10+ 0.01 0.12+ 0.01

Data are expressed as mearS.E. ¢ = 6).
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bution ratio (AUGyrain/ AUCpio0d), cOmpared with adminis-
tration of lower dose of theophylline 10 mg/kg. The distri-
bution ratio of theophylline through the BBB appears in a
dose related manner.

In order to investigate the mechanismspedlycoprotein
related BBB penetration of theophylline, we focused on
drug—drug interaction of theophylline and cyclosporine
(a p-glycoprotein inhibitor). Our results indicate that
the distribution ratio of theophylline from blood to
brain (AUGyai/ AUCpiood) in the cyclosporine 10 mg/kg
co-administered groups were not significantly different from
the theophylline-alone groups for the dosages of 10 and
30mg/kg, respectivelyTable 3. These results imply that
the BBB penetration of theophylline might not be regulated
by thep-glycoprotein.

In conclusion, a rapid and sensitive microbore liquid chro-
matographic system for the determination of unbound theo-
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