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Propofol (PRO) is a hypnotic used to induce and maintain general anesthesia. A risk of drug—drug

interactions exists in cases of clinical co-administration of PRO and midazolam (MDZ) or carbamazepine
(CBZ). Therefore a sensitive and rapid assay is needed to monitor these drugs. In this study, a sensitive and
selective liquid chromatography-tandem mass spectrometry technique was developed for simultaneous de-
termination of PRO, MDZ, and CBZ in plasma. Simultaneous selected reaction monitoring in the positive
and negative ionization modes was used for mass detection. Analytes were isolated from plasma samples by
a simple, economic, and rapid solid-phase extraction method. Chromatographic separations were achieved
using a Chromolith Performance RP-18e analytical column (100X4.6 mm i.d.) with a mixture of acetonitrile—
ammonium acetate buffer (10 mm, pH 3.5) (90:10, v/v) as the mobile phase. The method was fully validated
for PRO, MDZ, and CBZ over concentrations ranging at 1-100, 2—100, and 7-1000ng/mL, respectively, with
acceptable validation parameters. Furthermore, the method was applied to monitor PRO and MDZ or CBZ

following co-administration in rats.
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Propofol (PRO) is an intravenous (i.v.) hypnotic agent used
to induce and maintain general anesthesia.” Owing to its
desirable antiemetic, anticonvulsant, and antioxidant proper-
ties, PRO is commonly used in total iv. anesthesia.”? PRO
does not show cumulative effects; hence, its anesthetic effect
can be prolonged by repeated injections or continuous infu-
sion.” Carbamazepine (CBZ) is a dibenzazepine tricyclic drug
used for the treatment of epilepsy, trigeminal neuralgia, and
schizophrenia.* ® Epilepsy is of concern in anesthesia due
to the possibility of interactions between antiepileptic drugs
(AEDs) and co-administered agents, particularly with respect
to postoperative seizures and the intensive care management
of status epilepticus.” Benzodiazepines such as midazolam
(MDZ), which has hypnotic, muscle-relaxant, anticonvulsant,
and anxiolytic properties, is commonly used to induce anes-
thesia and to treat generalized seizures or status epilepticus.”
Individually, both PRO and CBZ are known to either inhibit
or induce a variety of hepatic cytochrome enzymes.”'” The
important role of the anesthesiologist is to minimize the risk
of drug—drug interactions while providing anesthesia that is
adequate to the surgical conditions. Moreover, a thorough
understanding of potential pharmacokinetic (PK) interactions
between drugs that are used for anesthesia is essential. In our
pervious study, we reported an interaction between two drugs
that are typically co-administered during general anesthesia:
PRO and the narcotic analgesic remifentanil.'”

In this study, a liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) method for the simultaneous determi-
nation of PRO, MDZ, and CBZ in rat plasma was developed,
validated, and applied to monitor these drugs following co-
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administration in rat.
MATERIALS AND METHODS

Chemicals and Reagents PRO, MDZ, ammonium ace-
tate, acetic acid, and acetonitrile were obtained from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan). CBZ was ob-
tained from Sigma-Aldrich, Inc. (St. Louis, MO, U.S.A.), and
all other reagents were of analytical reagent grade. Water was
deionized and distilled using an Aquarius GSR-500 automatic
water distillation apparatus (Advantec, Tokyo, Japan). PRO,
MDZ, and CBZ stock solutions at a concentration of 1 mg/mL
were prepared by dissolving an appropriate amount of drug in
acetonitrile. Stock solutions were stored at 4°C until used.

LC-MS/MS System and Conditions A Waters 2695
separation module (Waters Co., Milford, MA, U.S.A.) was
used for analyte separation. A variable negative- and positive-
ionization Quattro micro™ triple-quadrupole mass spectrom-
eter (Waters) equipped with an electrospray ionization (ESI)
source was used for mass analysis. Chromatographic separa-
tions were achieved using a Chromolith Performance RP-18e
analytical column (100X4.6mm i.d.; Merck, Darmstadt, Ger-
many) kept at 30°C. The mobile phase consisted of a mixture
of acetonitrile—ammonium acetate buffer (10mm, pH 3.5)
(90:10%, v/v) pumped at a flow rate of 0.5mL/min. Selected
reaction monitoring (SRM) mode was used for MS analyses,
which were performed simultaneously in negative-ion mode
for PRO and positive-ion mode for MDZ and CBZ. Other
MS/MS parameters are shown in Supplementary Table 1.

Pretreatment of Plasma Samples A 20-uL volume of
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MDZ or CBZ solution (as an internal standard; 50ng/mL)
was added to a 200-uL aliquot of rat plasma and the sample
was then vortexed briefly. A Bond Elut-C18 cartridge (100 mg,
ImL, Agilent Technologies Inc., Wilmington, DE, U.S.A.)
was conditioned with methanol (I mL) and deionized water
(ImL) and then the sample was loaded onto the cartridge.
The cartridge was washed twice with 500 uL of 10% methanol
and the analytes were eluted with 400 4L of methanol. Next,
20 uL of the eluate was injected directly into the LC-MS/MS
for analysis. Triplicate measurements for each sample were
performed, and the amount of analyte recovered is reported as
the mean and standard deviation (S.D.).

Method Validation The method was validated accord-
ing to the U.S. Food and Drug Administration Guideline for
Bioanalytical Methods as detailed below.”” The selectivity
of the proposed method for any interference was estimated
by analyzing 10 different blank rat plasma samples. Two
calibration curves for PRO were prepared (using samples
spiked with 20uL of 50ng/mL CBZ or MDZ as ISs), and
five concentrations were used for the PRO, MDZ, and CBZ
calibration curves. The limit of detection (LOD) and limit
of quantification (LOQ) were defined as the concentration of
analyte yielding a peak with a signal to noise ratio of 3 and
10, respectively. The method’s accuracy and precision were
assessed by analyzing quality control (QC) plasma samples
spiked with three concentrations on five different validation
days. Accuracy is expressed as a percentage of the calculated
concentration divided by the nominal concentration. Both
intra- and inter-day precision were evaluated and were de-
termined as the relative standard deviation (R.S.D.). Matrix
effects (MEs) were quantified as the internal standard (IS)-
normalized matrix factor (IS-MF), which is the ratio of the
peak area in the presence of matrix for each plasma sample
divided by the mean peak area ratio in the absence of matrix.
Analyte recovery was determined by comparing the peak area
for each extracted analyte spiked at three concentrations to
that of the corresponding non-extracted pure standard (at the
same concentrations [n=5]).

Stability of Analytes in Plasma The stability of the
analytes was assessed by analyzing low-, mid-, and high-
concentration QC samples (with five measurements for each
concentration) exposed to different storage and temperature
conditions. The stability of analytes was assessed after three
freeze-thaw cycles, storage at room temperature (25°C) for
4h, and storage of extracted samples for 12h at room tem-
perature.

Application to Monitor the Drugs Following Co-
administration The plasma samples used in the present
study were obtained from male Wistar rats (weight=250-320 g)
purchased from Kyudo Experimental Animal (Saga, Japan).
All animal procedures and care protocols were approved
by the Nagasaki University Animal Care and Use Com-
mittee (No. 1406021153). Rats were anesthetized with ethyl
carbamate (1.5g/kg; intraperitoneal (i.p.) injection) and two
indwelling cannulae (a femoral vein cannula for drug admin-
istration and a femoral artery cannula for blood sampling)
were placed in each animal. For the co-administration study,
PRO (5mg/mL), MDZ (2mg/mL), and CBZ (S5mg/mL) solu-
tions were prepared in Intralipid® 10% emulsion (Fresenius
Kabi, Tokyo, Japan). PRO was administered by i.v. infusion
for 60min using a microinjection pump (CMA/100; Carnegie
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Medicine, Stockholm, Sweden); MDZ and CBZ were adminis-
tered i.p. with an injection volume of 1 mL/kg of body weight.
Following administration of PRO, MDZ, and CBZ, blood sam-
ples (0.35mL each) were drawn at various intervals between 5
and 240min. Plasma samples were prepared by centrifugation
(2000Xg) of whole blood for 10min at 4°C. Plasma samples
were stored at —30°C until analysis.

RESULTS

Optimization of Assay Conditions The method allowed
for ready switching between negative- and positive-ionization
LC-MS/MS modes; PRO was determined in negative ESI
mode and MDZ and CBZ were determined in positive ESI
mode. In full-scan mass spectra, predominant molecular ions
(IM—H]~ or [M+H]") were observed at m/z 176.94, 237.07,
and 326.74, representing PRO, CBZ, and MDZ, respectively.
The most abundant product ions observed were at m/z 176.94,
194.02, and 2919 for PRO, CBZ, and MDZ, respectively
(Supplementary Figure 1). In the present study, the false m/z
transition 176.94—176.94 for PRO determination in SRM was
used because of the low ratio of the intensities of the product
to parent ions at the true transition (m/z 176.94—160.87). Com-
plete separation of all analytes was achieved within 5Smin.

Method Validation Calibration curves for PRO, MDZ,
and CBZ in rat plasma were prepared over the concentration
ranges 1-100, 2-100, and 7-1000ng/mL for PRO, MDZ, and
CBZ, respectively. The IS peak area ratios of all three ana-
lytes exhibited good linearity over the selected concentration
ranges, with correlation coefficients (#)=0.991. No endogenous
matrix peaks were observed at the retention times of the
analytes in any of the evaluated plasma samples (Supplemen-
tary Figures 2 and 3). The sensitivity of the method for PRO,
MDZ, and CBZ was sufficient for their determination in rat
plasma samples at doses relevant to those used in clinical ap-
plication in humans. The intra-day precision for each analyte
ranged between 1.7 and 14.3%, whereas the inter-day preci-
sion ranged between 5.1 and 18.3%, and the accuracy ranged
between 98.6+4.4 and 109.8£11.0% (Supplementary Table 2).
The mean recoveries of PRO, MDZ, and CBZ were 94.9%5.9,
88.5%7.9, and 84.6£7.7% and were similar at all analyte con-
centrations, without significant concentration dependence. The
IS-MF as calculated for the present work showed no signifi-
cant ion suppression or enhancement at low, mid, or high con-
centrations of PRO, MDZ, and CBZ. The RSD% ranged from
1.9 to 11.9% for all three analytes (Supplementary Table 3).

The stability of PRO, MDZ, and CBZ in rat plasma stored
under different conditions was examined (Supplementary
Table 4). No significant degradation occurred under the condi-
tions used in this study, as the concentration deviated by no
more than 19.7% relative to the reference nominal concentra-
tion for all three analytes. All three analytes could be safely
stored at room temperature for 4h or stored at —30°C and
subjected to three freeze-thaw cycles. In addition, analysis
of the QC samples following solid-phase extraction (SPE)
showed no significant degradation of the analytes after storage
of the extracts for 12h at room temperature.

Application to Monitor the Drugs Following Co-admin-
istration The applicability of the proposed method was
evaluated by monitoring drugs after co-administration of PRO
and MDZ. Plasma concentration—time profiles for PRO, MDZ,
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Fig. 1.

Data are expressed as the mean +S.D. (n=3).

and CBZ after sole and co-administration are shown in Figs. 1
(A)—(C). Sole or co-administration of PRO with MDZ and/or
CBZ was evaluated through 60min of iv. infusion and then
until 240 min after the infusion device was stopped.

After the first 10min of the infusion process, the concen-
tration of PRO was stable. The mean area under the curve
(AUC,_540) for sole administration (n=6) was 215.8+37.7ng/
mLXmin. The AUCs,, ,,, for PRO after co-administration
with MDZ and CBZ was 455.2*+118.5 and 79.5£39.9ng/
mLXmin, respectively.

The plasma concentration of PRO increased significantly
after co-administration with MDZ (p=0.015) and decreased
significantly after co-administration with CBZ (p=0.013). For
MDZ, the AUC, ,,, (X10°ng/mLXmin) was 4.9+0.2 after sole

Time after administration, min

Plasma Concentration-Time Profiles for PRO (A), MDZ (B), and CBZ (C)

administration versus 6.3+£0.2 after co-administration, and for
CBZ, the AUC, ,,, (X10°ng/mLXmin) was 21.5+7.0 after sole
administration versus 41.7£11.9 after co-administration.

The plasma concentrations of both PRO and MDZ in-
creased after co-administration, which could be related to
PRO-mediated inhibition of hepatic CYP3A isoforms, result-
ing in decreased clearance of MDZ."*'¥ Another possible
explanation is that hemodynamic changes led to an increase
in the PRO plasma concentration. No other reports of studies
investigating the interaction between PRO and CBZ during
anesthesia in humans or animals have been published. The
basis for studying the interaction between PRO and CBZ
here was the common metabolic pathway involving the isoen-
zymes CYP3A4 and CYP2CS8. CBZ is an inducer of several
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potential pathways of drug elimination, including pathways
mediated by CYP1A2, CYP2C9, and CYC3A4, as well as the
active transporter P-glycoprotein.'’ Therefore, the metabolism
of drugs that are metabolized by these CYPs, such as PRO,
is likely to be affected by CBZ co-administration.'>'® The
results of this study revealed that the co-administration of
PRO and CBZ leads to a significant (p=0.013) decrease in the
plasma concentration of PRO. This finding is consistent with
reports in the literature showing that unlike other AEDs, CBZ
is an inducer of several potential drug elimination pathways.

The importance of these findings should not be underes-
timated, as PRO is one of the most common hypnotics used
in general anesthesia. Moreover, CBZ is the most commonly
used AED and is also indicated for treating trigeminal neural-
gia and migraine headache; thus, a significant percentage of
people require this drug at some point in their life."” However,
further confirmation of these findings in studies using a suit-
able number of human samples is needed before the method is
applied in the patients-care setting.

In conclusion, we developed and validated the LC-MS/MS
method for the rapid and simultaneous determination of PRO,
MDZ, and CBZ in rat plasma. We found that the plasma pre-
treatment procedure described here is simple, rapid, and selec-
tive for extracting these analytes from plasma. In addition,
the applicability of the proposed LC-MS/MS method could
be shown to monitor the concentrations of PRO and MDZ or
CBZ following co-administration.
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