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Abstract

Cardiovascular drugs, when overdosed, may present serious symptoms of
intoxication and can even be more severe than the underlying diseases them-
selves. The aim of this study was to develop and validate a sensitive elec-
trospray ionization (ESI)-liquid chromatography-tandem mass spectrome-
try (LC-MS/MS) method for the simultaneous analysis of 17 beta-blockers
(Method A), beta-blockers (metoprolol, propranolol) and their metabolites
(a-hydroxy metoprolol, O-desmethyl metoprolol, and 4-hydroxy proprano-
lol) (Method B) in serum and urine. The extraction of beta-blockers and their
metabolites from human serum and urine was performed by a solid-phase ex-
traction method using Oasis® PRIME HLB columns. Chromatographic sepa-
ration was performed on a Mightysil-RP-18 MS column. For gradient elution,
two solvents were used: a) 10 mM acetic ammonium buffer and b) acetonitrile.
Separation and sensitivity for the detection of beta-blockers and their metab-
olites by LC-MS/MS were sufficient, and the precursor [M + H]* ion was de-
tected in the mass spectrum of each drug (S/N = 3). These methods had a total
chromatographic run time of 15 min. The calibration curves were linear over
the concentration range of 20 - 400 ng/mL for the 17 beta-blockers (Method
A) and 2 - 200 ng/mL (Method B). The extraction yields for human serum
samples (17 beta-blockers) ranged from 66.1% - 93.5%, and the accuracy and
precision were within 7.0% CV values, while the extraction yields for human
serum or urine samples ranged from 93.8% to 106.5%, and the accuracy and
precision were within 5.9% CV values, which were acceptable for these meth-
ods. The limits of quantification (LOQ) can cover the therapeutic blood con-
centration range in which beta-blockers are clinically used (Method A and
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Method B). The presently established method is useful for the simultaneous
measurement of beta-blockers and their metabolites in human serum and
urine by LC-MS/MS in clinical and forensic investigations.
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1. Introduction

In recent years, various drugs responsible for acute drug intoxication in the elderly
have been identified, including benzodiazepines, phenobarbital, digitalis prepara-
tions, phenytoin, beta-blockers, calcium antagonists, and antidepressants in Ja-
pan. A number of analyses of various pharmaceuticals using LC-MS/MS have
been reported [1]-[12]. Cardiovascular drugs (beta-blockers) are clinically used in
the management of a range of disorders, including hypertension, heart failure,
arrhythmias, migraines, headaches, and tremors. Beta-blockers are likely to be
misused owing to their widespread use. Side effects of beta-blockers include brad-
ycardia derived from the f receptor, heart failure, atrioventricular block, bron-
chial asthma, and dyspnea derived from the £ receptor [13] [14]. Furthermore,
they can cause fluctuations in blood levels owing to interactions with other drugs
and are likely to cause toxic symptoms [15]. Therefore, beta-blockers are im-
portant targets for the analysis of drugs for acute intoxication. Examples of past
beta-blocker toxic symptoms include cardiac arrest owing to an overdose of pro-
pranolol [16], manifestation of cardiovascular toxicity due to metoprolol [17], re-
fractory cardiogenic shock, and complete heart failure after atenolol overdose
[18]. These reports describe cases in which acute toxic effects on the heart derived
from i receptors have emerged from pharmacological effects.

Recently, several methods have been developed for the determination of beta-
blockers in human serum, including gas chromatography-mass spectrometry
(GC-MS) [19], high-performance liquid chromatography (HPLC) [20]-[23], lig-
uid chromatography-mass spectrometry (LC-MS), and electrospray ionization
(ESI)-LC-MS/MS [22] [24]-[30]. However, a method for the simultaneous analy-
sis of beta-blockers, which are frequently used clinically in Japan, using solid-
phase extraction from human serum has not yet been reported.

In this paper, we investigated a selective and sensitive method to simultaneously
determine 17 beta-blockers (atenolol, carteolol, nadolol, pindolol, timolol, acebu-
tolol, arotinolol, metoprolol, esmolol, celiprolol, labetalol, bisoprolol, proprano-
lol, alprenolol, betaxolol, bevantolol, and carvedilol) in serum (Method-A) (Fig-
ure 1) [1] [2].

In addition, we developed analytical methods for metoprolol, propranolol [31]
[32] and their main metabolites a-hydroxy metoprolol, O-desmethyl metoprolol,
and 4-hydroxy propranolol in serum and urine (Method-B) (Figure 2).
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Figure 1. Structure of beta-blockers.
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Figure 2. Structure of metoprolol, propranolol, and their metabolites.

2. Materials and Methods
2.1. Chemicals and Reagents

The drug standards for atenolol, nadolol, bisoprolol, carvedilol, acebutolol,
labetalol, propranolol hydrochloride, and metoprolol tartrate were purchased
from Sigma-Aldrich (Tokyo, Japan). Timolol maleate, arotinolol, and betaxolol
hydrochloride were purchased from the Tokyo Chemical Industry Co. Ltd. (To-
kyo, Japan). Carteolol hydrochloride, esmolol hydrochloride, celiprolol hydro-
chloride, alprenolol hydrochloride, bevantolol hydrochloride, and atenolol-d7
(internal standard: IS) were purchased from Toronto Research Chemicals (On-
tario, Canada). Pindolol, acetonitrile (LC-MS grade, >99.9% purity), methanol
(LC-MS grade, 99.7% purity), ultrapure water (LC-MS grade), acetic acid (analyt-
ical grade), and ammonium acetate (analytical grade) were purchased from FUJI-
FILM Wako Pure Chemical Corporation (Osaka, Japan). Drug standards for a-
hydroxy metoprolol, O-desmethyl metoprolol, and rac metoprolol-d7 (internal
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standard: IS) were purchased from Toronto Research Chemicals (Ontario, Can-
ada). 4-hydroxy propranolol hydrochloride was purchased from Cayman Chem-
ical (Wisconsin, USA). Pooled normal human serum and urine samples were pur-
chased from Millipore (Billerica, MA, USA) [1] [2]. The Oasis® PRiME HLB ex-
traction cartridges were purchased from Waters (Milford, MA, USA). All other
chemicals were commercially available and were of reagent grade [1] [2].

2.2. Method

2.2.1. Preparation of Standard Solutions and Calibration Standards
(Method-A): Individual stock solutions (1 mg/mL concentration) of the com-
pounds to be analyzed were prepared with methanol (stable for at least three
months when stored at —20°C). Standard serum solutions with concentrations of
20, 100, 200, and 400 ng/mL of each compound were prepared by diluting appro-
priate aliquots of the stock solution with drug-free serum (normal human serum).
Human serum (0.5 mL) was added to water (0.5 mL) containing 10, 50, 100, or
200 ng of each of the 17 beta-blockers and 100 ng of IS. Calibration curves were
obtained using simple linear regression analysis of the concentration of each drug
and the corresponding peak area ratio. The regression equations for the 17 beta-
blockers extracted from the human serum were based on the ratio of the peak area
of each drug to that of the IS [1] [2].

(Method-B): Serum or urine standards were prepared with concentrations of 2,
10, 100, and 200 ng/mL of each compound (metoprolol, propranolol, and a-hy-
droxy metoprolol) and 10, 50, 100, and 200 ng/mL for 4-hydroxy propranolol by
diluting appropriate aliquots of the stock solution with drug-free serum (normal
human serum) or urine (normal human urine). In our study, 0.5 mL of human
serum or urine was added to 0.5 mL of water containing 1, 5, 50, or 100 ng of
metoprolol, propranolol, a-hydroxy metoprolol, O-desmethyl metoprolol, 5, 25,
50, or 100 ng of 4-hydroxy propranolol, and 50 ng metoprolol-d7 (IS). The cali-

bration curves were prepared in the same manner as Method-A.

2.2.2, Apparatus and Chromatographic Conditions

(Method-A): LC-MS/MS experiments were performed using an HPLC system
equipped with Shimadzu LC-20AD pumps (Shimadzu, Kyoto, Japan), a SIL-20AC
autosampler (Columbia, MD, USA), and a 4000 QTRAP mass spectrometer (Ap-
plied Biosystems, Foster City, CA, USA).

Chromatographic separation was performed using a Mightysil-RP-18 MS col-
umn (2.0 mm x 150 mm, particle size 5 um; Kanto Chemical Co., Inc., Tokyo,
Japan). Two solvents were used for gradient elution: a) 10 mM ammonium acetate
buffer and b) acetonitrile. The mobile phase composition was initially held at 90%
(A) for 0.1 min and then changed during linear gradient elution from 90% (A) to
40% (A) over 10 min. The mobile phase was returned to 90% (A) for 5 min before
the next run. The flow rate was set to 0.20 mL/min and 10 pL of sample was in-
jected for each analysis. The column and autosampler were maintained at 37°C

and 4°C, respectively.
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All experiments were conducted in the positive-ion electrospray mode. The
TurbolonSpray source was operated at 600°C with a capillary voltage of 5500 V.
Nitrogen was used as the nebulizer, curtain (40 psi), and collision (4 psi) gases.
The optimal chromatographic and mass spectrometric conditions for the analysis
of all compounds were determined by injecting pure standard solutions into the
LC-MS/MS system. Simultaneous analysis was performed in the dMRM mode for
1 min before and after the retention time of each compound [1] [2] [10]-[12].

(Method-B): An Agilent 1290 liquid chromatograph, equipped with a
Mightysil-RP-18 MS column (2.0 mm X 150 mm, particle size 5 pm; Kanto Chem-
ical Co., Inc., Tokyo, Japan), in combination with a 6460 triple quadrupole mass
spectrometer with a Jet Stream ESI source (Agilent Technologies, Santa Clara, CA,
USA), was used for the analysis.

Mobile phase A consisted of 10 mM ammonium acetate and 0.1% acetic acid in
ultrapure water, and mobile phase B was acetonitrile. The gradient elution pro-
gram was as follows: the mobile phase composition was held initially at 90% (A)
for 0.1 min and then changed during the linear gradient elution from 90% (A) to
40% (A) over 10 min. The mobile phase was then returned to 100% (A) for 5 min
for the next analysis. The flow rate was 0.2 mL/min. The autosampler was main-
tained at 4°C. The column oven temperature was 37°C. The ESI parameters were
capillary voltage, 4000 V; nebulizer gas (N2) pressure, 50 psi; drying gas (N2) flow
rate, 10 L/min at 300°C; sheath gas (N2) flow rate, 12 L/min at 350°C. The optimal
chromatographic and mass spectrometric conditions for the analysis of all the com-
pounds were obtained by injecting pure standard solutions into the LC/MS/MS sys-
tem. All experiments were measured in product ion scan mode to confirm the
retention time. Simultaneous analysis was performed in dMRM mode for 1 min
before and after the retention time of each compound. The determination of the
MS/MS parameters and data acquisition was performed using MassHunter Work-

station Software (version B.07.00, Agilent Technologies).

2.2.3. Extraction

(Method-A): The drugs were extracted from human serum using an Oasis® PRIME
HLB cartridge column. These samples were analyzed to determine possible en-
dogenous interferences and were used as “blanks.” An Oasis® PRiME HLB car-
tridge column with a 1 mL capacity was placed in an Agilent Vac Elut system
(Agilent Technologies).

Human serum (0.5 mL) was added to water (0.5 mL) containing 10 - 200 ng of
each of the 17 beta-blockers and 100 ng of IS. The mixture was loaded onto an
Oasis® PRIME HLB cartridge column and allowed to pass through it. The column
was then washed with 1 mL of a 5% aqueous methanol solution. Beta-blockers
were eluted with 1 mL of 90% methanol and 10% acetonitrile. The eluent was then
dried under N2 gas at 40°C. The residue was dissolved in 200 pL of the initial
mobile phase composition (A:B = 90:10), and an aliquot (10 pL) was analyzed
using a chromatographic system (Figure 3) [1] [2] [10]-[12].
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(Method-B): 0.5 mL of human serum or urine was added to 0.5 mL of water
containing 1 - 200 ng of each of the beta blockers, their metabolites, and 50 ng
metoprolol-d7 (IS). The extraction methods were performed in the same manner
as Method-A, and an aliquot (1 uL) was then analyzed by the chromatographic
system (Figure 3).

Human serum (0.5 mL serum + 0.5 mL water)
Human urine (0.5 mL urine + 0.5 mL water)

] Mix and load

5% methanol 1.0 mL

l Wash
90% methanol - 10% acetonitrile 1.0 mL

é Elute
Evaporate under a stream of nitrogen

Dissolve in mobile phase 0.2 mL

l

LC-MS/MS

Figure 3. Extraction method of beta-blockers and their metabolites us-
ing an Oasis® PRiME HLB column.

2.2.4. Linearity, Accuracy, Precision, and Recovery

(Method-A): Analyses of the 17 beta-blockers in serum samples were performed
on three separate days using freshly prepared samples and solutions to evaluate
the linearity of the standard calibration curve. Calibration curves were prepared
over a linear range of 20 - 400 ng/mL using four serum concentrations (20, 100,
200, and 400 ng/mL). Linearity was evaluated by analyzing six replicates.

Intraday assay precision and accuracy were obtained by analyzing six aliquots
of quality control samples in duplicate using a calibration curve constructed on
the same day. Interday assay precision and accuracy were evaluated using six rep-
licate determinations for each concentration with solutions prepared on different
days. Matrix effects and extraction recovery were verified. The matrix effect and
extraction recovery were estimated at four analyte concentrations (20, 100, 200,
and 400 ng/mL for beta-blockers, n = 6) in the serum. The recoveries were calcu-
lated by comparing the chromatographic peak areas obtained from the extracts of
the serum samples (containing water) with those obtained by adding beta-block-
ers to the extracted solution of blank serum [1]-[12].

(Method-B): The calibration curves were prepared over a linear range of 2 - 200
ng/mL using four concentrations (2, 10, 100, and 200 ng/mL for metoprolol, pro-
pranolol, a-hydroxy metoprolol, and O-desmethyl metoprolol; 10, 50, 100, and
200 ng/mL for 4-hydroxy propranolol) in serum or urine.

The intraday assay precision, accuracy, the matrix effect, and extraction recov-

ery were performed in the same manner as Method-A. The matrix effect and ex-
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traction recovery were estimated at three analyte concentrations (10, 100, and 200
ng/mL, n = 5) for the beta blockers and their metabolites in serum or urine. The

recoveries were calculated as in Method-A.

2.2.5. Stability

The stability of the 17 beta-blockers (Method-A), 2 major metabolites (Method-
B), and IS in serum and urine was investigated at various concentrations. Freshly
prepared samples were evaluated at room temperature, 4°C, and —20°C over 12
days. Freeze/thaw stability was determined after three freeze/thaw cycles. Stability

tests were performed by analyzing two replicates for each sample [1] [2] [10]-[12].

2.2.6. Limits of Detection and Quantification (LOD and LOQ)

The LOD was determined as the injection volume required to produce a peak with
a signal-to-noise ratio of at least 3:1. The LOQ was defined as the lowest concen-
tration on the standard curve that could be measured with acceptable accuracy
(coefficient of variation, CV < 10.0%). The LOQ for the 17 beta-blockers in serum,
as well as the beta-blockers and their metabolites in serum or urine, were deter-
mined using LC-MS/MS with ESI after solid-phase extraction (Oasis® PRiME
HLB cartridge column) [1] [2] [10]-[12].

3. Results and Discussion
3.1. Selectivity and Chromatography

In Method A, a 4000 QTRAP mass spectrometer (Applied Biosystems) system was
used to analyze 17 beta-blockers, and in Method B, a 6460 triple quadrupole mass
spectrometer (Agilent Technologies) was used to analyze two types of drugs and
their major metabolites.

(Method-A): The positive-ion electrospray mode was selected, and the collision
energies were optimized for each drug. All the precursor ions (Q1) of the 17 beta-
blockers were (M + H)*. The (M + H)" ion peak was clearly detected, and the
product ions were obtained from the mass spectrum of each drug with sufficient
detection sensitivity (Table 1). Good separation of the 17 beta-blockers is ob-
served using LC-MS/MS, as shown in the chromatograms (Figure 3). The posi-
tive-ion electrospray mode is selected, and the collision energies are optimized for
each drug (Figure 2). All the precursor ions (Q1) of the 17 beta-blockers were (M
+ H)*. The (M + H)" ion peak is clearly detected and the product ions are obtained
from the mass spectrum of each drug with sufficient detection sensitivity (Table
1, Figure 4) [1] [2].

(Method-B): The positive ion electrospray mode was selected, and optimal col-
lision energies were optimized for each drug. All precursor ions (Q1) of metopro-
lol, propranolol, and their metabolites (a-hydroxy metoprolol, O-desmethyl
metoprolol, and 4-hydroxy propranolol) showed the [M + H]*. The [M + H]* ion
peak was detected clearly, and product ions were obtained in the mass spectrum
of each drug, with sufficient detection sensitivity (Table 2). In addition, the sepa-

ration of metoprolol, propranolol, a-hydroxy metoprolol, O-desmethyl metopro-
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lol, and 4-hydroxy propranolol by LC-MS/MS was good, as seen on the dIMRM
chromatograms (Table 2, Figure 5).

Table 1. Retention time and tandem mass spectrometry parameters of beta-blockers.

Drugs

Atenolol
Carteolol
Nadolol
Pindolol
Timolol
Acebutolol
Arotinolol
Metoprolol
Esmolol
Celiprolol
Labetalol
Bisoprolol
Propranolol
Alprenolol
Betaxolol
Bevantolol
Carvedilol

Monoisotopic
mass
266.16
292.18
309.19
248.15
316.16
336.20
371.08
267.18
295.18
379.25
328.18
325.23
259.16
249.17
307.21
345.19
406.19

Retention time Collision Precursor Production
(min) Energy (V) Ion (m/z) (m/z)
3.04 30 267 190, 116, 98, 165, 145, 208, 178, 74
5.47 30 293 237,202, 74, 164, 190
5.64 30 310 254, 201, 236, 74, 183, 171, 158, 57
5.99 25 249 116, 172, 146, 98, 134, 74, 144, 118
6.90 30 317 261, 244, 74, 188, 57, 243
6.94 30 337 116, 98, 72, 319, 260, 222, 235
7.08 25 372 316, 299, 290, 268, 356, 74, 313
7.26 30 268 116, 98, 74, 159, 121, 133, 72
7.74 30 296 145, 219,98, 116, 74, 72, 254, 119
7.75 33 380 251, 307, 306, 233, 324, 74, 289
8.35 25 329 311, 294, 162, 207,179, 91, 190
8.51 30 326 116, 74, 98, 72, 147, 133, 91, 162
9.04 35 260 116, 155, 74, 72, 157, 56, 98, 58
9.17 30 250 116, 72, 74, 98, 56, 91, 147, 131
9.36 30 308 116, 98, 161, 72,121, 177, 133, 74
9.43 35 346 165, 150, 133, 105
10.29 40 407 100, 222, 224, 194, 180, 210, 283

Intensity

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 110 120 130 140 150 160 170 180 19.0 20.0

I\ Retention time (min ) 1 mi274>145

2 m/z267>190

3 m/z293>237

A 4 m/z310>254

k 5 mi249>116

m/z317>261

m/z337>116

m/z372>316

m/z268>116

A 10 m/z296>145
N\ 11 m/z380> 251

m/z329>311

—

13 m/z326>116

14 m/z260>116

15 m/z250>116

A

A
A 16 m/z308>116
I\

17 m/z346> 165

A 18 m/z407>100

T T T T T T T T T T T T T T T T T T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 100 110 120 13.0 140 150 16.0 17.0 180 19.0 20.0

Retention time ( min )

1. Atenolol-d7 (IS), 2. Atenolol, 3. Carteolol, 4. Nadolol, 5. Pindolol, 6. Timolol, 7. Acebu-
tolol, 8. Arotinolol, 9. Metoprolol, 10. Esmolol, 11. Celiprolol, 12. Labetalol, 13. Bisoprolol,
14. Propranolol, 15. Alprenolol, 16. Betaxolol, 17. Bevantolol, 18. Carvedilol. Injection vol-
ume: 5 ng of each beta blocker and Atenolol-d7 (IS).

Figure 4. TIC and tandem mass chromatograms of beta-blockers and Atenolol-d7 (IS) ex-
tracted from human serum.
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Table 2. Retention time and tandem mass spectrometry parameters of metoprolol, propranolol, and their metabolites.

Monoisotopic Retention time  Precursor Production
Drugs .
mass (min) Ton (m/z) (m/z)
a-Hydroxy metoprolol 283.6 3.99 284 74, 116, 56, 98, 133, 163, 207, 91, 189
O-Desmethyl metoprolol 253.34 4.18 254 177,72, 116, 98, 159, 56, 212, 133, 86, 236
Metoprolol 267.18 6.22 268 74, 56, 116, 133, 98, 159, 191, 148, 176, 91, 218
4-Hydroxy propranolol 275.15 6.23 276 58,72,173, 116, 100, 153, 181, 199, 84
Propranolol 259.16 6.24 260 116, 74, 56, 98, 157, 165, 86, 130, 218
x10% +ESI MRM Frag=116.0V CID@21.0 (284.2 -> 74.1) X10‘2 +ES|I MRM Frag=116.0V CID@25.0 (276.2 -> 58.1)
12 3.989 18 6.233
1 14
08
0,6 a-Hydroxy metoprolol ! 4-Hydroxypropranolol
04 mlz 284 > 74 06 mlz 276 > 58
. 0.2
1 2 3 4 5 6 9 10 1" 12 13 14 1 2 3 4 5 6 7 8 9 10 1 12 13 14
x10° +ES| MRM Frag=116.0V CID@13.0 (254.2 -> 177.0) x10° +ESI MRM Frag=132.0V CID@21.0 (268.2 -> 74.1)
1 4178 ai# 6.244
08 1:
O-Desmethyl metoprolol 06 Metoprolol
o miz 254> 177 miz 268 > 74
02 0.2
i 3 3 H T 5 S 10 ) 12 I 1 1 2 3 4 5 6 7 8 9 10 1 12 13 14
*x10° +ESI MRM Frag=100.0V CID@17.0 (275.2 -> 123.1) x10* +ESI MRM Frag=116.0V CID@17.0 (260.2 -> 116.0)
2 6.223 8471
1.8 8
! Metoprolol-d, 4 Propranolol
o9 mlz 275 > 123 mlz 260> 116
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Figure 5. Dynamic multiple reaction monitoring chromatograms of metoprolol, propranolol, their metabolites, and metoprolol-d7
(IS) extracted from serum. Column: Mightysil-RP-18 MS column (2.0 mm x 150 mm, particle size 5 um). Injection volume: 0.25 ng

of each drug.

3.2. Linearity, Accuracy, Precision, and Recovery

(Method-A): The calibration curve (ratio of the peak area to the concentration of
each drug) was linear over the entire concentration range of 20 - 400 ng/ml. The
coefficients of determination (r) from the regression analyses of the drugs are in
the range of 0.9686 - 0.9997 (Table 3). In our LC-MS/MS with ESI method for the
simultaneous determination of 17 beta-blockers, the precision was satisfactory,
with CV values always lower than 10.0% for intraday, interday, and total assay
reproducibility. The recoveries of the 17 beta-blocker drugs were in the range of
66.1% - 93.5%, and a precision within 7.0% CV was acceptable for this method.
However, the extraction yields of bevantolol and carvedilol were low (37.5% and
26.2%, respectively) (Table 4). No significant interference was observed at the re-
tention times of the analytes and the IS, indicating acceptable selectivity. However,

the matrix effect is insignificant (Figure 6) [1] [2]. The primary objective of this
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study is to conduct a broad-scale screening of low-concentration beta-blockers.
While the extraction recovery rate may be low for some compounds, the overall
sensitivity, linearity, and ability of this method to detect these compounds within

the acceptable error range make it suitable for initial-stage screening.

Table 3. Retention time and tandem mass spectrometry parameters of metoprolol, pro-
pranolol, and their metabolites.

Drugs Range (ng/mL) Curve r
Atenolol 20.0 - 400.0 y = 0.0116x+0.306 r=0.9970
Carteolol 20.0 - 400.0 y = 0.109x+0.995 r=0.9911
Nadolol 20.0 - 400.0 y = 0.0605x+0.164 r =0.9982
Pindolol 20.0 - 400.0 y = 0.0593x+0.447 r=0.9978
Timolol 20.0 - 400.0 y = 0.069x+1.63 r =0.9948

Acebutolol 20.0 - 400.0 y = 0.0449x+0.362 r =0.9980
Arotinolol 20.0 - 400.0 y = 0.0529x+0.35 r=0.9971
Metoprolol 20.0 - 400.0 y =0.0367x+1.12 r=0.9978
Esmolol 20.0 - 400.0 y = 0.0154x+0.231 r=0.9851
Celiprolol 20.0 - 400.0 y = 0.03x+0.354 r=0.9863
Labetalol 20.0 - 400.0 y = 0.101x+0.225 r =0.9997
Bisoprolol 20.0 - 400.0 y = 0.154x+1.62 r=0.9748
Propranolol 20.0 - 400.0 y = 0.029x+1.34 r=0.9709
Alprenolol 20.0 - 400.0 y = 0.0367x+0.39 r=0.9817
Betaxolol 20.0 -400.0 y = 0.0392x+2.25 r=10.9963
Bevantolol 20.0 - 400.0 y = 0.0433x+0.514 r=0.9776
Carvedilol 20.0 -400.0 y = 0.00904x+0.0646 r =0.9686

Table 4. Extraction yields, limits of detection, and limits of quantification of beta-blockers
using LC-MS/MS.

Recovery (n = 6)

LOD
Drugs  Amountadded Average V. F%) (ng/mL) LC/)QL
(ng) %) (Coefflia.ent of (S/N = 3) (ng/mL)
Variation)
Atenolol 100.0 90.2 2.0 0.048 20.0
Carteolol 100.0 90.3 1.4 0.016 20.0
Nadolol 100.0 89.4 1.0 0.044 20.0
Pindolol 100.0 84.3 1.0 0.0034 20.0
Timolol 100.0 90.6 1.3 0.14 20.0
Acebutolol 100.0 88.5 0.7 0.040 20.0
Arotinolol 100.0 66.1 0.5 0.040 20.0
Metoprolol 100.0 85.7 1.9 0.017 20.0
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Continued

Esmolol 100.0 76.7 4.8 1.6 20.0
Celiprolol 100.0 78.1 6.1 0.013 20.0
Labetalol 100.0 85.0 2.9 0.11 20.0
Bisoprolol 100.0 93.5 0.9 0.026 20.0
Propranolol 100.0 85.1 3.6 0.036 20.0
Alprenolol 100.0 73.3 4.1 0.033 20.0
Betaxolol 100.0 85.9 1.2 0.22 20.0
Bevantolol 100.0 37.5 2.9 0.03 20.0
Carvedilol 100.0 26.2 7.0 0.040 20.0

Atenolol-d; (IS)

Intensity

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 90 100 11.0 12.0 130 140 150 160 17.0 18.0 19.0 20.0

Retention time (min )

Figure 6. Tandem mass chromatograms of Atenolol- (IS) extracted from human serum. Injection volume: 5 ng.

(Method-B): The calibration curve (the ratio of the peak area to the concentra-
tion of each drug) was linear over the concentration range of 2 - 200 ng/mL
(metoprolol, propranolol, a-hydroxy metoprolol, and O-desmethyl metoprolol).
The calibration curve of 4-hydroxy propranolol was linear over the concentration
range of 10 - 200 ng/mL. The coefficients of determination (r) from the regression
analyses of the drugs were between 0.9246 and 0.9997 (n = 5: Table 5).

Table 5. Calibration curves of metoprolol, propranolol, and their metabolites.

Range Curve and r Curve and r
Drugs .
(ng/mL) (Serum) (Urine)
a-Hydroxy 2.0 - 200.0 y=0.0115x + 0.0314 y = 0.0109x + 0.0283
metoprolol ' ' r =0.9986 r =0.9986
O-Desmethyl 2.0 - 200.0 y = 0.0087x + 0.0266 y = 0.0078x + 0.0253
metoprolol ' ' r =0.9976 r = 0.9964
y =0.0137x + 0.0362 y =0.0129x + 0.0367
Metoprolol 2.0 - 200.0
r = 0.9986 r=0.9981
4-Hydroxy y = 0.0008x + 0.0092 y = 0.0019x + 0.0166
10.0 - 200.0
propranolol r = 0.9246 r=0.9285
y =0.0113x + 0.0135 y =0.009x + 0.0171
Propranolol 2.0 - 200.0
r =0.9997 r=0.9989

In our LC-MS/MS with ESI method for simultaneous determination of the beta

blockers and their metabolites, the precision was satisfactory, with CV values al-
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ways lower than 10.0% for the intraday, interday, and total assay reproducibility.
The recoveries at 50 ng of metoprolol, propranolol, a-hydroxy metoprolol, O-
desmethyl metoprolol, and 4-hydroxy propranolol in serum ranged from 96.8 to
106.5%, with precision within 5.9% CV values; in urine, the recoveries ranged
from 93.8% to 99.0%, with precision within 4.1% CV values, which were accepta-
ble for this method. However, the extraction yields of 4-hydroxy propranolol were
low (in serum 54.4%, in urine 54.1%). Currently, we are experimenting to improve
the extraction yields of 4-hydroxy propranolol (Table 6, Table 7). No significant
interferences were observed at the retention times of the analytes and IS, indicat-

ing acceptable method selectivity. The matrix effect was insignificant.

Table 6. Extraction yields, limits of detection, and limits of quantification of metoprolol,
propranolol, and their metabolites from serum using LC-MS/MS.

Extraction yield (n = 5)

Drugs Amount C.V. f%) LOD L0Q
add Average (%) (Coefficient of (ng/mL) (ng/mL)
(ng) Variation) & &
a-Hydroxy
50.0 106.0 4.0 0.69 2.0
metoprolol
O-Desmethyl
50.0 106.5 34 1.28 2.0
metoprolol
Metoprolol 50.0 105.3 1.9 0.50 2.0
4-Hydroxy
50.0 54.4 5.9 0.54 10.0
propranolol
Propranolol 50.0 96.8 3.9 0.68 2.0

Table 7. Extraction yields, limits of detection, and limits of quantification of metoprolol,
propranolol, and their metabolites from urine using LC-MS/MS.

Extraction yield (n = 5)

C.V. (%)

Drugs A tadd LOD LO
m(zun) a Average (%) (Coefficient of (ng/mL) (ng/ QL)
g Variation) ngim ngim
a-Hydroxy
50.0 98.7 1.4 1.00 2.0
metoprolol
O-Desmethyl
50.0 98.8 1.6 0.09 2.0
metoprolol
Metoprolol 50.0 99.0 0.6 0.65 2.0
4-Hyd
yerow 50.0 55.1 41 0.71 10.0
propranolol
Propranolol 50.0 93.8 1.4 0.17 2.0

3.3. Stability

(Method-A): A stability study was conducted to determine the optimal storage
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temperature for serum samples. The results indicated that the 17 beta-blockers
and IS were stable for up to 24 h at room temperature. Furthermore, these drugs
were stable for 10 days at 4°C and —20°C and for at least two weeks. Therefore, all
extracted samples were refrigerated at 4°C for same-day analysis, whereas serum
samples were frozen at —20°C or —80°C until LC-MS/MS analysis [1] [2].

(Method-B): A stability study was conducted to determine the best storage tem-
perature for the serum or urine samples. The results indicated that metoprolol,
propranolol, a-hydroxy metoprolol, O-desmethyl metoprolol, 4-hydroxy pro-
pranolol, and the IS were stable up to 12 h at room temperature. Furthermore,
these drugs were stable up to 12 days when stored at 4°C and —20°C. Therefore,
all extracted samples were stored refrigerated at 4°C for same-day analysis,
whereas serum and urine samples were frozen at —20°C until their analysis by LC-
MS/MS.

3.4.LOD and LOQ

(Method-A): The LODs of atenolol, carteolol, nadolol, pindolol, timolol, acebuto-
lol, arotinolol, metoprolol, esmolol, celiprolol, labetalol, bisoprolol, propranolol,
alprenolol, betaxolol, bevantolol, and carvedilol were 0.048, 0.016, 0.044, 0.0034,
0.14, 0.040, 0.040, 0.017, 1.6, 0.013, 0.11, 0.026, 0.036, 0.033, 0.22, 0.03, and 0.040
ng/mL, respectively, and the LOQs of the 17 beta-blockers were 20.0 ng/mL (Ta-
ble 4) [1] [2].

These results suggest that the detection sensitivity of this analytical method is
acceptable for measuring the therapeutic concentrations [33] of these drugs.
Therefore, our analytical method can be used to determine the therapeutic range
of beta-blocker concentrations.

For the GC-MS analysis, it is necessary to gasify the sample, and the analyzable
samples are limited to relatively low-molecular-weight gases, volatile compounds,
or thermally stable compounds. In LC-MS/MS, it is possible to analyze volatile
and thermally unstable compounds as long as they are dissolved in the mobile
phase, which has the advantage that the application range of the analytical samples
is wider than that of GC-MS. Brunetto M.d.R., et al [19] developed a method for
the determination of atenolol and propranolol in human plasma samples by GC-
MS. The LOQ was approximately 6.0 ng/mL. Phyo Lwin E.M., et al [25] devel-
oped a method for determining atenolol levels in human plasma and milk sam-
ples using LC-MS/MS. The LOD and LOQ values were in the range of 1.0 - 5.0
ng/mL for atenolol. Elmongy H. et al, [27] developed a method for determining
metoprolol levels in human plasma using LC-MS/MS. The LOQ was approxi-
mately 1.5 ng/mL. Our LC-MS/MS with ESI method could measure compounds
at approximately the same concentrations as the analytical methods of Brunetto
M.d.R. et al, Phyo Lwin et al, and Elmongy et al. In our experiments, the LOD
values were in the range of 0.0034 - 1.6 ng/mL, and the LOQ values were 20 ng/mL
for the 17 beta-blockers, respectively. The matrix effect on the LOQ values is in-

significant, and both accuracy and precision were sufficient. Therefore, our ana-
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lytical method can measure beta-blockers in a manner similar to the methods
mentioned above.

(Method-B): The LODs of metoprolol, propranolol, a-hydroxy metoprolol, O-
desmethyl metoprolol, and 4-hydroxy propranolol were 0.50, 0.68, 0.69, 1.28, and
0.54 ng/mL, respectively, in the serum (Table 6). The LODs of metoprolol, pro-
pranolol, a-hydroxy metoprolol, O-desmethyl metoprolol, and 4-hydroxy pro-
pranolol were 0.65, 0.17, 1.0, 0.09, and 0.71 ng/mL, respectively, in the urine (Ta-
ble 7). The LOQs of metoprolol, propranolol, a-hydroxy metoprolol, and O-
desmethyl metoprolol were 2.0 ng/mL. The LOQ of 4-hydroxy propranolol was
10 ng/mL (Table 6, Table 7).

These results suggest that the detection sensitivity of this method is acceptable
for the determination of therapeutic concentrations [33] of these drugs (for ex-
ample, the therapeutic concentration of propranolol is 20 - 100 ng/mL).

In GC-MS analysis, it is necessary to gasify the sample, and the analyzable sam-
ples are limited to relatively low molecular gases, volatile compounds, or ther-
mally stable compounds. In LC-MS/MS, it is possible to analyze compounds that
are difficult to volatilize and thermally unstable compounds as long as they are
dissolved in the mobile phase, which has the advantage that the application range
of analytical samples is wider than that of GC-MS. Brunetto M.d.R,, et al. [19]
developed a method for the determination of atenolol and propranolol in human
plasma samples by GC-MS. The LOQ was approximately 6.0 ng/mL. Elmongy H,
et al. [27] developed a method for the determination of metoprolol in human
plasma by LC-MS/MS. The LOQ was approximately 1.5 ng/mL. Our LC-MS/MS
with ESI method was able to measure compounds at approximately the same con-
centrations as the analytical methods of Brunetto M.d.R., ef al, Phyo Lwin E.M.,
et al., and Elmongy H, et al In our experiments, the LOD and LOQ were in the
range of 0.09 - 1.28 ng/mL and were 2.0 ng/mL for metoprolol, propranolol, a-
hydroxy metoprolol, O-desmethyl metoprolol, and 4-hydroxy propranolol (the
LOQ of 4-hydroxy propranolol was 10 ng/mL).

4. Conclusions

We focused on various types of drug intoxication and studied the systematic sim-
ultaneous analysis of pharmaceuticals in biological samples using LC-MS/MS. We
previously established a sensitive and specific LC-MS/MS method for the simul-
taneous detection and quantification of phenothiazines, nonsteroidal anti-inflam-
matory antipyretic analgesics, atypical antipsychotics, and local anesthetics in hu-
man serum [10]-[12]. In this study, we developed a sensitive and specific screen-
ing method for the simultaneous detection and quantification of 17 beta-blockers
(atenolol, carteolol, nadolol, pindolol, timolol, acebutolol, arotinolol, metoprolol,
esmolol, celiprolol, labetalol, bisoprolol, propranolol, alprenolol, betaxolol,
bevantolol, and carvedilol) in human serum using LC-MS/MS. Various analytical
methods reported thus far have used liquid-liquid extraction. The method is

highly specific and sensitive and can detect and quantify multiple beta-blockers in
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human serum samples with high accuracy. This makes LC-MS/MS highly useful
for the simultaneous measurement of beta-blockers in human serum in clinical
and forensic investigations.

We developed a sensitive and specific LC-MS/MS method for the simultaneous
detection and quantification of the beta blockers (metoprolol, propranolol) and
their metabolites (a-hydroxy metoprolol, O-desmethyl metoprolol, and 4-hy-
droxy propranolol) in human serum and urine. Many of the analytical methods
reported so far use liquid-liquid extraction. In the method established in this
study, human serum and urine samples were treated, prior to analysis, by solid-
phase extraction with an Oasis® PRIME HLB cartridge column. By using this
method, the separation of samples is achieved in a simple manner while providing
sufficient sensitivity, precision, and accuracy, making it extremely useful for the
simultaneous determination of beta-blockers and their metabolites in human se-
rum and urine by LC-MS/MS in clinical and forensic investigations. This simul-

taneous analytical method is also applicable to the analysis of other beta-blockers.
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