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Abstract A sensitive method for simultaneous analysis

of nine fourth-generation antidepressants in human plasma

by ultra-performance liquid chromatography–tandem mass

spectrometry (UPLC–MS–MS) is presented. The method

was used with a Waters Acquity UPLC LC system, an

Acquity TQD MS–MS system, and a Poroshell 120 EC-

C18 separation column. For extraction of the target com-

pounds, solid-phase extraction with Oasis HLB cartridges

was used. All compounds were detected with retention

times lower than 3 min. The calibration curves for the

antidepressants spiked into human plasma showed similar

good linearities in the range of subnanogram to nanogram

per milliliter. The detection limits (signal-to-noise

ratio = 3) were in the range of 0.2–100 pg/ml. The method

gave satisfactory recovery rates, accuracy, and precision

for quality control samples spiked with these drugs. To

further validate the present method, 25 mg of milnacipran

was orally administered to a healthy male volunteer, and

the drug concentrations in plasma were measured in sam-

ples collected 0.5, 1, 2, 4, and 8 h after dosing. The con-

centrations were in the range of 31.2–56.8 ng/ml. To our

knowledge, this is the most sensitive quantitative method

for fourth-generation antidepressants so far reported, and

should prove very useful in forensic and clinical toxicol-

ogy. In addition, the quantitative analysis of tianeptine by

LC–MS–MS is first described in this study.

Keywords UPLC � LC–MS–MS � Fourth-generation

antidepressants � Milnacipran � Sibutramine � Tianeptine

Introduction

Antidepressants are widely used for mental problems such as

depression and anxiety, and many effective antidepressants

have been developed over the past several decades, almost all

of which are known to potently affect central noradrenergic

and/or serotonergic neurons [1–4]. Tricyclic and tetracyclic

antidepressants [5] emerged from the early 1950s through to

the 1970s and together make up the first-generation and

second-generation antidepressants. Selective serotonin re-

uptake inhibitors (SSRIs) are classified as third-generation

antidepressants. Recently, fourth-generation antidepres-

sants, such as serotonin and norepinephrine reuptake inhib-

itors (SNRIs), norepinephrine and dopamine reuptake

inhibitor (NDRI), noradrenergic and specific serotonergic

antidepressant (NaSSA), serotonin antagonist and reuptake

inhibitors (SARIs), selective serotonin reuptake enhancer

(SSRE), and reversible inhibitors of monoamine oxidase A

(RIMA), have appeared. Milnacipran, sibutramine, duloxe-

tine, and venlafaxine belong to SNRI; bupropion to NDRI;

mirtazapine to NaSSA; trazodone and nefazodone to SARIs;

tianeptine to SSRE; and moclobemide to RIMA. These

antidepressants are almost equipotent to the first-generation

antidepressants, have fewer life-threatening side effects such

as cardiac and central nervous system toxicities, and are

generally safer if overdoses occur [1–4, 6]. However, there

are reports of suicide by overdose of milnacipran [6, 7].
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Among the fourth-generation antidepressants, analyses

of only milnacipran [8], mirtazapine [9, 10], trazodone

[11], and moclobemide [12] in human samples by gas

chromatography (GC)–mass spectrometry (MS) have been

reported.

Recently, analyses by liquid chromatography (LC)–MS

or LC–tandem MS (MS–MS) for milnacipran [12],

sibutramine [13–16], duloxetine [17–19], bupropion [20,

21], mirtazapine [22–24], trazodone [25–27], nefazodone

[28], moclobemide [29], and venlafaxine [30] in human

samples have appeared. However, most of them were

sporadic analytical studies; there are few reports for

simultaneous analysis of antidepressants including fourth-

generation antidepressants by LC–MS or LC–MS–MS. In
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Fig. 1 Structures of fourth-

generation antidepressants and

internal standard (IS:

venlafaxine)
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addition, there are no reports for analysis of tianeptine by

LC–MS (-MS) to our knowledge. In this report, we present

a rapid and extremely sensitive method for simultaneous

analysis of nine fourth-generation antidepressants in human

plasma by ultra-performance liquid chromatography–tan-

dem mass spectrometry (UPLC–MS–MS).

Materials and methods

Chemicals

Milnacipran was donated by Asahi Kasei Pharma (Tokyo,

Japan). Sibutramine, mirtazapine, and tianeptine were

purchased from Tocris Bioscience (Minneapolis, MN,

USA); duloxethine, bupropion, and moclobemide from

Toronto Research Chemicals (Toronto, DN, Canada);

trazodone from Wako Pure Chemical (Osaka, Japan); ne-

fazodone and venlafaxine (internal standard, IS) from LKT

Laboratories (St. Paul, MN, USA). The structures of the

nine target compounds and IS are shown in Fig. 1. Labo-

ratory distilled water was purified using a Synergy UV

apparatus (Millipore, Molsheim, France). Other common

chemicals used were of the highest purity commercially

available.

Solid-phase extraction procedure

The solid-phase extraction (SPE) of antidepressants was

performed according to our previous report [31] with minor

modifications. A 1.0-ml volume of plasma containing or

not containing antidepressants was mixed with 500 ng of

IS and 4.0 ml of 250 mM sodium bicarbonate solution,

vortex-mixed for 1 min, and centrifuged at 1,600 g for

5 min. For SPE, the supernatant fraction was applied to an

Oasis HLB cartridge (60 mg, 3 cc; Waters, Milford, MA,

USA) preconditioned with 3 ml of methanol and 3 ml of

distilled water. Each cartridge was washed with 3 ml of

distilled water and 3 ml of 5 % methanol aqueous solution.

The cartridges were dried under vacuum for 10 s. The

analytes were eluted with 3 ml of solvent mixture of

chloroform/methanol/acetonitrile (2:1:1, v/v). The eluate

was evaporated to dryness under a nitrogen stream at room

temperature. The residue was reconstituted in 100 ll of

20 % acetonitrile and 0.1 % formic acid in aqueous solu-

tion and vortex-mixed for 1 min.

UPLC–MS–MS conditions

The LC instrument used in combination with an MS–MS

detector was a Waters Acquity UPLC system, including an

Acquity UPLC binary pump and a sample manager

(Waters). The column used for chromatographic separation

was a Poroshell 120 EC-C18 (100 9 2.1 mm i.d., particle

size 2.7 lm; Agilent, Santa Clara, CA, USA). The column

temperature was maintained at 40 �C, and the gradient

system was used with mobile phase A (0.1 % formic acid

aqueous solution) and mobile phase B (0.1 % formic acid

in acetonitrile) delivered at 0.5 ml/min. The linear gradient

program was: 80 % A/20 % B (0 min) to 35 % A/65 % B

(until 3 min) and to 5 % A/95 % B (until 4 min). The final

mobile phase was held for 2 min to avoid carryover from

the previous injection. After the elution program, the

mobile phase composition was returned to 80 % A/20 % B

for the next run in 1 min. The total run time for each

sample analysis was 7.0 min. The autosampler was main-

tained at 4 �C and the injection volume was 5 ll.

The MS–MS detection was made in the positive ioni-

zation mode on the tandem quadrupole mass spectrometer

(Acquity TQD; Waters) equipped with an electrospray

ionization (ESI) interface. Quantitation was performed by

selected reaction monitoring (SRM) using peak areas. The

optimal MS parameters were: capillary voltage, 3.0 kV;

source temperature, 150 �C; desolvation temperature,

450 �C; desolvation and cone gas, nitrogen, with flow rates

of 800 and 50 l/h, respectively; collision gas, argon, with a

flow rate of 0.15 ml/min. The monitored SRM transitions,

together with the cone voltages and optimized collision

energies for each antidepressant, are shown in Table 1. All

data in the centroid mode were acquired and processed

using MassLynx NT 4.1 software with a QuanLynx pro-

gram (Waters).

Human experiments

The human experiments were approved by the Regional

Institutional Board of Aichi Medical University. The main

scientist of this research project (healthy 40-year-old man,

65.0 kg) volunteered for the human experiments. He took a

Table 1 Selected reaction monitoring (SRM) transitions and their

parameters for each compound

Compound SRM

transition

Cone

voltage (V)

Collision

energy (eV)

Milnacipran m/z 247 ? 100 16 18

Sibutramine m/z 280 ? 125 28 28

Duloxethine m/z 298 ? 154 12 4

Bupropion m/z 240 ? 184 22 14

Mirtazapine m/z 266 ? 195 36 24

Trazodone m/z 372 ? 176 44 24

Nefazodone m/z 470 ? 274 50 26

Tianeptine m/z 437 ? 292 26 14

Moclobemide m/z 269 ? 139 30 34

Venlafaxine (IS) m/z 278 ? 121 26 28

IS internal standard
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single oral dose of 25 mg of milnacipran tablet (Toledo-

min), and his blood was sampled 0.5, 1, 2, 4, and 8 h after

intake. Blank blood was also collected just before drug

intake. Plasma samples were immediately prepared by

centrifuging the blood samples at 1,600 g for 5 min and

were stored at -80 �C until analysis. For quality control

samples, blank plasma was separated from the blank blood

by centrifugation and stored as described above.
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Fig. 3 Selected reaction

monitoring (SRM)

chromatograms for milnacipran

(a), sibutramine (b), duloxetine

(c), bupropion (d), mirtazapine

(e), trazodone (f), nefazodone

(g), tianeptine (h), moclobemide

(i), and IS (j) spiked into blank

human plasma obtained by

UPLC–MS–MS. The amounts

of drugs and IS spiked into

1.0 ml of plasma were 10 and

500 ng, respectively
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Results and discussion

Product ion mass spectra and selected reaction

monitoring chromatograms

After optimization, the protonated precursor molecular ions

were chosen to generate product ions. The SRM transitions

and their parameters for the antidepressants and IS are

shown in Table 1. The product ion mass spectra obtained

from the precursor molecular ions of the authentic antide-

pressants and IS are shown in Fig. 2.

Figure 3 shows SRM chromatograms for the antide-

pressants and IS spiked into blank human plasma at the

concentration of 10 ng/ml. The retention times of milna-

cipran, sibutramine, duloxethine, bupropion, mirtazapine,

trazodone, nefazodone, tianeptine, moclobemide, and IS

were 1.34, 2.79, 2.44, 1.40, 0.94, 1.51, 2.75, 2.05, 0.86, and

1.44 min, respectively. The chromatographic peaks were

Table 2 Regression equations, coefficients of determination (r2), and detection limits for antidepressants in human plasma obtained by the

present method

Compound Range (ng/ml) Regression equationa r2 Detection limit (ng/ml) Reported detection limitb (ng/ml)

Milnacipran 0.05–100 y = 0.00239x - 0.00003 0.9931 0.005 80 [12]

Sibutramine 0.05–100 y = 0.00129x ? 0.00002 0.9915 0.01 0.01c [14]

Duloxethine 0.1–100 y = 0.00182x ? 0.00001 0.9905 0.01 0.03c [18]

Bupropion 0.05–100 y = 0.00117x - 0.00001 0.9954 0.01 0.03c [21]

Mirtazapine 0.2–100 y = 0.00032x ? 0.00001 0.9902 0.1 0.15c [22]

Trazodone 0.05–100 y = 0.00310x - 0.00001 0.9928 0.01 3.0c [26]

Nefazodone 0.001–100 y = 0.09859x ? 0.00002 0.9908 0.0002 0.6c [28]

Tianeptine 0.01–100 y = 0.02557x ? 0.00002 0.9906 0.005 –d

Moclobemide 0.5–100 y = 0.00091x - 0.00006 0.9902 0.1 0.6c [29]

a Each regression equation obtained from more than ten plots at different concentrations
b Reference numbers in brackets
c Only the limit of quantitation (LOQ) given in literature; therefore, the value of detection limit was calculated by multiplying LOQ by 0.3
d Data not available in literature

Table 3 Intraday and interday accuracy and precision data of proposed method

Compound Concentration added (ng/ml) Intraday Interday

Accuracy (%) Precision (CV, %) Accuracy (%) Precision (CV, %)

Milnacipran 0.05 90.0 11.5 80.1 12.0

100 101 6.3 105 7.6

Sibutramine 0.05 93.0 8.5 123 10.5

100 99.3 4.8 95.3 9.6

Duloxethine 0.1 113 9.1 86.6 13.6

100 101 7.3 102 8.9

Bupropion 0.05 98.7 13.7 88.3 19.3

100 100 4.0 98.7 9.5

Mirtazapine 0.2 108 12.7 91.2 13.5

100 102 4.2 102 8.3

Trazodone 0.05 87.6 13.6 77.5 16.2

100 103 4.1 109 8.9

Nefazodone 0.001 109 6.8 121 17.0

100 99.5 4.9 94.2 8.3

Tianeptine 0.01 106 9.1 119 16.9

100 97.1 6.3 100 9.6

Moclobemide 0.5 87.6 12.7 82.7 15.5

100 106 9.8 101 9.2

CV coefficient of variation (n = 5)
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near symmetrical without any impurity peaks, and the

retention times were less than 3.0 min, which were shorter

than or similar to those in the previous reports [7, 12–33].

The short retention times are useful for high-throughput

drug analysis.

Reliability of the method

The peak area ratios of each antidepressant to IS obtained

from each SRM chromatogram were plotted against the

concentration of each compound in human plasma. A linear

relationship was observed for all compounds with coeffi-

cients of determination (r2) larger than 0.99 as shown in

Table 2. The detection limit, defined as the concentration

giving the signal-to-noise ratio of 3, was 0.2–100 pg/ml for

quality control samples of human plasma.

The lowest detection limits, which have been described

in the literature, are also listed in Table 2 for each com-

pound for comparison. For sibutramine, duloxetine, bu-

propion, mirtazapine, and moclobemide, the detection

limits obtained in this study were in the same order of

magnitude as those described in the literature, but not

higher than those in the previous ones. For milnacipran,

trazodone, and nefazodone, the detection limits obtained in

this study were 300–3,000 times lower than those described

in the literature. Therefore, this is the most sensitive

quantitative method for the fourth-generation antidepres-

sants so far reported.

Table 3 shows accuracy and precision data of the pres-

ent method. Accuracy values were 77.5–121 %; precision

values were not greater than 19.3 %. The recovery rates of

Table 4 Recovery rates for antidepressants in human plasma

obtained by proposed method

Compound Concentration

added (ng/ml)

Recovery (%)

(mean ± SD, n = 5)

Milnacipran 0.05 87.5 ± 3.3

100 85.1 ± 3.0

Sibutramine 0.05 74.5 ± 4.1

100 74.6 ± 2.9

Duloxethine 0.1 60.3 ± 4.6

100 61.0 ± 1.6

Bupropion 0.05 93.0 ± 3.6

100 92.6 ± 1.1

Mirtazapine 0.2 91.1 ± 4.8

100 95.6 ± 2.2

Trazodone 0.05 98.7 ± 3.3

100 98.5 ± 1.6

Nefazodone 0.001 98.2 ± 1.8

100 94.2 ± 3.6

Tianeptine 0.01 93.9 ± 2.2

100 97.4 ± 1.8

Moclobemide 0.5 91.3 ± 4.1

100 94.2 ± 1.7
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Fig. 4 SRM chromatograms for milnacipran and IS obtained from

plasma samples from a volunteer sampled prior to (a, b), and 1 h (c,

d) and 8 h (e, f) after the oral administration of 25 mg milnacipran.

Peak A: milnacipran
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antidepressants spiked into human plasma were calculated

by comparing each chromatogram area obtained from the

spiked sample with the corresponding area obtained from

the sample made by adding standard compounds to the

final sample extract of blank plasma just before the

instrumental analysis. The recovery rates were not less than

60.3 % as shown in Table 4.

Actual analysis of milnacipran in human plasma

after a single oral dose

As described above, a 40-year-old volunteer ingested

25 mg of milnacipran, and his blood was sampled at var-

ious intervals after ingestion. Intense peaks of milnacipran

appeared in all SRM chromatograms obtained at five time

points after the intake (Fig. 4). The concentrations of

milnacipran in plasma were 43.7, 56.8, 52.8, 51.0, and

31.2 ng/ml after 0.5, 1, 2, 4, and 8 h, respectively.

Conclusions

To our knowledge, this is the first report describing

simultaneous quantitation of nine fourth-generation anti-

depressants in human plasma by LC–MS–MS with full

validation. The sensitivity of the present method was

highest among those of the existing methods for the drugs;

the detection limits obtained in our study were as low as

0.2–100 pg/ml. We expect the present UPLC–MS–MS

method with SPE method to prove very useful in forensic

and clinical toxicology and pharmacokinetic studies

because of its rapidness and high sensitivity.
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