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bstract

Nifedipine (NIF), a calcium channel antagonist, is metabolized primarily by cytochrome P450 (CYP3A4) to dehydronifedipine (DNIF). As such,
IF is often used as a probe drug for determining CYP3A4 activity in human studies. A rapid and sensitive liquid chromatography/tandem mass

pectrometry (LC/MS/MS) method was developed and validated to simultaneously determine NIF and DNIF in human plasma using nitrendipine as
he internal standard (IS). After extraction of the plasma samples by ether-n-hexane (3:1, v/v), NIF, DNIF and the IS were subjected to LC/MS/MS
nalysis using electro-spray ionization (ESI). Chromatographic separation was performed on a Hypersil BDS C18 column (50 mm × 2.1 mm,
.d., 3 �m). The method had a chromatographic running time of approximately 2.5 min and linear calibration curves over the concentrations of
.5–100 ng/mL for NIF and DNIF. The recoveries of the one-step liquid extraction method were 81.3–89.1% for NIF and 71.6–80.4% for DNIF.
he lower limit of quantification (LLOQ) of the analytical method was 0.5 ng/mL for both analytes. The intra- and inter-day precision was less

han 15% for all quality control samples at concentrations of 2, 10, and 50 ng/mL. The validated LC/MS/MS method has been successfully used
o study pharmacokinetic interactions of NIF with the herbal antidepressant St. John’s wort in healthy volunteers. These results indicated that the
eveloped LC/MS/MS method was efficient with a significantly shorter running time (2.5 min) for NIF and DNIF compared to those methods

reviously reported in the literature. The presented LC/MS/MS method had acceptable accuracy, precision and sensitivity and was used in a clinical
harmacokinetic interaction study of NIF with St. John’s wort, a known herbal inducer of CYP3A4. St. John’s wort was shown to induce NIF
etabolism with increased plasma concentrations of DNIF.
2007 Published by Elsevier B.V.
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. Introduction
Nifedipine (dimethyl2,6-dimethyl-4-(2-nitrophenyl)-1,4-
ihydropyridine-3,5-dicarboxylate, NIF, I; Fig. 1), the prototype
f the dihydropyridine class of calcium channel blockers, is
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idely used in the treatment of hypertension, Prinzmetal’s
ngina pectoris and other vascular disorders such as Raynaud’s
henomenon [1,2]. It inhibits the influx of extracellular calcium
hrough myocardial and vascular membrane pores by physi-
ally plugging the channel, resulting in decreased intracellular
alcium levels, inhibition of the contractile processes of
mooth muscle cells, dilation of the coronary and systemic
rteries, increased oxygen delivery to the myocardial tissue,

nd decreased total peripheral resistance, systemic blood
ressure, and afterload [1,2]. NIF is photo-sensitive and a
itroso-pyridine derivative is formed in solution on exposure to
isible light, while a nitro-pyridine derivative is generated under
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Fig. 1. Chemical structures of nifedipine (I

ltraviolet light [3]. There is a wide inter-individual variation in
he pharmacokinetics and clinical response of NIF. Following
n oral 10 mg dose, the maximum concentrations (Cmax)
f NIF range from 17–80 ng/mL with elimination half-lives
t1/2β) between 1–34 h [4,5]. In humans, NIF is predominantly
etabolized by cytochrome P450 (CYP3A4) to its primary

yridine metabolite, dehydronifedipine (DNIF, II; Fig. 1) [6,7].
he Cmax values of DNIF vary from 8 to 37 ng/mL after an oral
ose of 10 mg NIF [4,5]. CYP3A4 is the most abundant CYP
nzyme (∼30–40%) in adult liver and metabolizes more than
0% of the clinically used drugs including NIF, cyclosporine,
idazolam, and erythromycin [8,9]. CYP3A4 is subjected to

nhibition and induction by a number of endogenous and exoge-
ous compounds including many drugs and herbal medicines
nd regulated at both transcriptional and translational levels
10]. Thus, the quantitative measurement of CYP3A4 activity
n humans is important to explore the effects of environmental,
hysiological, pathological and pharmacogenetic factors on
he expression of CYP3A4 gene. NIF, together with a few
ther typical CYP3A4 substrates including erythromycin
N-demethylation), midazolam (1-hydroxylation), testosterone
6�-hydroxylation), triazolam (1-hydroxylation), cortisol
6�-hydroxylation) and terfenadine (t-butylhydroxylation),
ave been commonly used as probe drugs when determining

henotypic CYP3A4 activity in humans [6,7,11–17]. The ratio
f plasma levels of the resultant oxidized metabolite to those
f the parental drug is often used as a reliable indicator of
YP3A4 activity.

[
N
a
(

ydronifedipine (II), and nitrendipine (III).

To carry out pharmacokinetic and pharmacogenetic stud-
es, sensitive and specific analytical methods are often required
or routine analysis of NIF and its metabolite DNIF in
iological fluids when NIF is used as a probe drug for
xploring CYP3A4 activity. To date, numerous methods for
he determination of NIF in biological samples have been
eported [18–25]. Most of these reported analytical methods
nvolve the application of gas chromatography (GC) and liq-
id chromatography (LC). The reported GC methods often
tilize electron-capture detection [18,26–30], flame ionization
etection [31], nitrogen–phosphorus detection [32], or mass
pectrometric (MS) detection [33,34]. Although the sensitiv-
ty of GC/MS is high in pharmacokinetic and pharmacogenetic
tudies, the GC method has several concerning drawbacks, such
s thermal degradation of NIF and DNIF due to high tempera-
ures during analysis. Among the LC procedures reported, most
f them are the combination of LC separation with UV detec-
ion [3,18,23–25,35–39], electrochemical detection [18,40–43],
r less frequently, with MS detection [19]. In these reported LC
ethods, only five of which are able to simultaneously quantitate
IF and DNIF in biological fluids [19,30,35,38,39]. However,

hese analytical methods without coupling with MS detection all
ave a lower limit of quantification (LLOQ) of above 50 ng/mL
30,35,38,39], while the LC/MS method reported by Streel et al.

19] gives a significantly improved LLOQ (0.5 ng/mL) for both
IF and DNIF. Yet this LC/MS method developed by Streel et

l. [19] requires relatively long running time for each sample
about 15 min) and a complicated and time-consuming sample
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reparation procedure including a five-step solid-phase extrac-
ion. Thus, it is not suitable for high-throughput analysis when
large number of samples need to be quantitated in therapeutic
rug monitoring and pharmacogenetic studies.

Therefore, we developed a rapid and sensitive LC/MS/MS
ethod to simultaneously determine NIF and DNIF in human

lasma using a simple one-step liquid-liquid extraction. In this
tudy, we chose electro-spray ionization (ESI) as the ionization
ource. Our method exhibited excellent performance in terms
f high selectivity, robustness and excellent efficiency (2.5 min
er sample) with simplicity of sample preparation and mini-
al matrix effect. This LC/MS/MS method was successfully

pplied to a pharmacokinetic interaction study of NIF with St.
ohn’s wort (Hypericum perforatum) in healthy Chinese volun-
eers. St. John’s wort, a commonly used herbal antidepressant,
as been shown to induce CYP3A4 and P-glycoprotein and thus
lter the pharmacokinetics of a number of clinical important
rugs including amitriptyline, cyclosporine, irinotecan, digoxin,
exofenadine, methadone, midazolam, nevirapine, phenpro-
oumon, simvastatin, tacrolimus, indinavir, theophylline and
arfarin [44,45].

. Experimental

.1. Chemicals and reagents

Nifedipine (NIF) with a purity of 99.9% and nitrendi-
ine (methylethyl2,6-dimethyl-4-(3-nitrophenyl)-1,4-dihydro-
yridine-3,5-dicarboxylate, IS, Fig. 1) with a purity of 97.8%
s determined by HPLC with UV detection were synthesized
nd provided by Baiyunshan Pharmaceutical Inc. (Guangzhou,
uangdong, China). The chemical structures were verified by
C/MS and 1H-nuclear magnetic resonance analysis and com-
ared with reference compounds. Dehydronifedipine (DNIF)
ith a purity of 99.9% as determined by HPLC with UV detec-

ion was obtained from Sigma–Aldrich Chemical Co. (St. Louis,
O). Methanol and formic acid of HPLC grade were purchased

rom Tedia Inc. (Beijing, China). All other reagents were of ana-
ytical grade or HPLC grade when appropriate. Blank human
lasma from healthy blood donors was obtained from the Cen-
ral Laboratory of the Blood Transfusion Service of Guangzhou,
uangdong, China. Ultra-pure water was obtained from a Milli
-plus system (Billerica, MA).

.2. Preparation of standard and quality control
amples

The stock standard solutions of NIF and DNIF were pre-
ared by dissolving accurately weighed individual compounds
n methanol–water (50:50, v/v) to give a final concentration of
00 �g/mL in a 10-ml brown flask. The solutions were then seri-
lly diluted with methanol–water (50:50, v/v) to obtain working
olutions at concentrations over 0.025–5.0 �g/mL. A standard

tock solution of nitrendipine (IS) at 500 �g/mL was also pre-
ared in methanol–water solution (50:50, v/v) and then diluted
o obtain a working solution at 1 �g/mL. All the solutions were
tored at 4 ◦C and were brought to room temperature before use.

p
f
f
m
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he analytical standard and quality control (QC) samples were
repared by spiking blank human plasma (500 �l) with standard
orking solutions (20 �l) during validation and each experimen-

al run for the pharmacokinetic study. Calibration samples were
ade at concentrations of 0.5, 1, 2, 5, 10, 25, 50 and 100 ng/mL

or both NIF and DNIF. The human plasma volume for each
alibration and QC sample was identical (0.5 ml) despite the
ifferential concentrations of NIF and DNIF. This ensured that
he same amounts of human plasma proteins were added to each
ample. NIF is a highly bound drug in human plasma [46]. Qual-
ty control samples were prepared at concentrations of 2, 10, and
0 ng/mL.

.3. Sample preparation

Standard working solutions (20 �L, each of NIF, DNIF and
S) were added into 0.5 mL blank human plasma sample in 10 ml
rown tubes, and the plasma samples were vortexing-mixed
nd extracted with 2 mL extraction solvent (ether:n-hexane, 3:1,
/v). After vortex-mixing for 2 min and standing at room temper-
ture for 15 min, the mixtures were centrifuged at 2000 × g for
0 min. The organic phase was then transferred to a clean brown
ube and evaporated to dryness under nitrogen gas at 45 ◦C. The
esidues were dissolved in 150 �L methanol/water (50:50, v/v)
nd an aliquot (10 �L) of the reconstituent was injected onto
he LC/MS/MS for analysis. The sample preparation and anal-
sis were carried out in a darkened room to avoid light-induced
ecomposition of the NIF and its metabolite.

.4. Liquid chromatographic and mass spectrometric
onditions

A Waters 2695 separation module (alliance) (Avondale, CA)
as used for solvent and sample delivery. A chromatographic

eparation was achieved by using a C18 column (Hypersil
DS C18, I.D. 2.1 × 50 mm, 3 �m, Elite HPLC Inc., Dalian,
hina) at room temperature. The mobile phase consisted of
ethanol–water (containing 1% formic acid) (80:20, v/v),

umped at a flow rate of 200 �L/min. The total running time
as 2.5 min for each sample.
A Quattro microTM triple quadrupole mass spectrometer

Micromass, Notre Dame, UK) equipped with an ESI source
as used for mass analysis and detection. Mass spectrometric

nalysis was performed in the positive-ion mode (ESI+) and set
p in the selected reaction monitoring (SRM) mode. Nitrogen
as used as desolvation (500 L/h) and nebuliser (50 L/h) gas.
rgon was used as collision gas (0.0033 mbar). The capillary
oltage was 3.0 kV for the analytes and the entrance and exit
nergies of the collision cell were set at −1 and 1, respectively.
he source and desolvation temperatures were kept at 110 and
50 ◦C, respectively. On the basis of the full-scan mass spec-
ra of each analyte, the most abundant ions were selected and
he mass spectrometer was set to monitor the transitions of the

recursors to the product ions as follows: m/z 347.1 → 315.0
or NIF, m/z 345.1 → 248.3 for DNIF and m/z 361.0 → 315.0
or IS. The dwell time per channel was set to 0.3 s. The opti-
ized ESI+-MS/MS parameters are listed in Table 1. The system
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Table 1
Selected ion transitions (m/z values) and optimized mass spectrometric parameters for the LC/MS/MS analysis of nifedipine (NIF), dehydronifedipine (DNIF) and
nitrendipine (IS) in selected reaction monitoring (SRM) mode (positive ionisation)

Analyte Precursor ion
[M + H+]+ (m/z)

Product ion
(m/z)

ESI capillary
voltage (kV)

Cone voltage (V) Collision
energy (eV)

NIF 347.1 315.0 3.0 20 8
DNIF 345.1 284.3 3.0 25 28
I 3
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IF: nifedipine, DNIF: dehydronifedipine, IS: nitrendipine.

as controlled by Masslynx V 4.0 software (Micromass, Notre
ame, UK).

.5. Method validation

The method was validated for selectivity, accuracy, preci-
ion, recovery, calibration curve and reproducibility according
o the FDA guideline for validation of bioanalytical methods
47]. The selectivity was investigated by preparing and analyz-
ng six individual human blank plasma samples at the LLOQ.
he LLOQ was defined as the lowest concentration on the cali-
ration curve of the analytes measured with acceptable precision
nd accuracy (i.e. relative standard deviation (RSD) and relative
rror < 20%) and with at least five times the response compared
o blank response (noise). The limit of detection (LOD) was
stimated as the amount of NIF or DNIF, which caused a signal
hree times to noise. Linearity was assessed by preparing and
nalyzing NIF and DNIF standard samples over 0.5–100 ng/mL
ith 8 concentration points in human plasma.
Calibration curves were analyzed by weighted linear regres-

ion (1/X2) of the peak area of analyte over that of IS. The 1/X2

eighing gave a minimal sum of squares of the residuals and
ean absolute errors for the linear regression. Accuracy and

recision were assessed by determining QC samples at three
oncentration levels (five samples for each concentration) on
hree different validation days. The precision was determined as
he RSD or coefficient of variation (CV, %) and the accuracy
as expressed as a percentage of the measured concentration
ver the nominal (theoretical) concentration. The criteria used
o assess the suitability of precision and accuracy was as fol-
ows: the RSD did not exceed 15% and the accuracy was within
5% of the actual value. The recovery (extraction efficiency) of
nalytes from human plasma after the extraction procedure was
etermined by comparing the areas of extracted analytes with
hose of the non-extracted pure standards that represent 100%
ecovery. During routine analysis, each analytical run included
blank plasma, a blank plasma spiked with IS, a set of calibra-

ion samples, a set of QC samples and unknowns. The stability
f analytes was assessed by determining QC samples at three
oncentrations (2, 10 and 50 ng/mL for both NIF and DNIF)
ith five samples for each concentration, exposed to different

ime and temperature conditions. The stability studies included:

a) stability at room temperature for 4 h; (b) stability after three
reeze–thaw cycles; (c) stability of the extracted samples at room
emperature for 12 h; and (d) the long-term stability after storage
t −30 ◦C for 25 days.

P
C

m

.0 15 12

The absolute and relative matrix effect (ME) on the spec-
ral response of NIF and DNIF was assessed as described by

atuszewski et al. [48] with slight modifications as mentioned
reviously [49]. Since ME is a concern with the fast isocratic
ystem, the co-elution effect and potential ion suppression were
valuated. To assess the co-elution effect, pooled blank plasma
as spiked with each analyte or IS, and the corresponding peak

rea was compared to that from the spiked sample of combined
S and analytes. Triplicate of QC sample at medium concentra-
ion were analysed. To assess the ‘absolute’ ME, i.e. the potential
on suppression due to the matrix components, six different
atches of blank plasma were extracted by ether- n-hexane (3:1,
/v) and then spiked with NIF or DNIF at medium QC concentra-
ion (B) and IS. The corresponding peak areas were then com-
ared to those of the aqueous standards at equivalent concen-
rations (A). The ratio (B/A × 100) is defined as the ME. A ME
alue of 100% indicates that the response in the mobile phase and
n the plasma extracts was the same and no absolute matrix effect
as observed. A value of >100% indicates ionization enhance-
ent, and a value of <100% indicates ionization suppression.

.6. Human pharmacokinetic study

The validated method was applied to a herb–drug interaction
tudy of NIF (10-mg tablet, Batch No. 060101, manufactured
y Baiyunshan Pharmaceutical Inc., Guangzhou, China) with
t. John’s wort. St. John’s wort was obtained from Dr.Willmar
chwabe GmbH & Co. AG, Karlsruhe, Gemany. The contents of
ypericin and hyperforin, two major active components, in the
t. John’s wort preprations have been standardized to 0.3% and
%, respectively, by manufacturer. Analysis using HPLC meth-
ds at our laboratory found similar contents of both compounds
n the preparations. We recruited six female and six male healthy
dult volunteers, from a total of 300 healthy Chinese volunteers
ho had been screened for the gene encoding nuclear receptor

ubfamily 1 (NR1I2/PXR) haplotype and CYP3A4 genotype for
his study (the details of the haplotypes and genotypes will be
escribed in another paper). All volunteers completed a thor-
ugh medical, biochemical and physical examination. Informed
onsent was obtained from all subjects after explaining the aims
nd risks of the study. The study protocol was approved by
he Human Investigation Ethical Committee at the School of

harmaceutical Sciences at Sun Yat-sen University, Guangzhou,
hina.

The study was conducted before and after a 14-day treat-
ent period with a St. John’s wort preparation at 900 mg/day.
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his dose is commonly used in human studies, as it can signif-
cantly induce the activity and expression of human CYP3A4
nd P-glycoprotein [50]. After an overnight fasting (10 h), the
olunteers were treated with an oral dose of 10 mg nifedipine
ith 200 mL of water. Regular standardized low-fat meals were
rovided until 4 h after dose administration; and water intake
as allowed after 2 h of drug administration. Following drug

dministration, venous blood samples (5 mL) were collected into
eparinized brown tubes according to the following schedule:
mmediately before drug administration and 0.25, 0.5, 0.75, 1,
.5, 2, 3, 5, 8, 12 and 24 h after dosing. Blood samples were cen-
rifuged at 1500 × g for 10 min at 4 ◦C to obtain the plasma. The
lasma samples were clearly labeled and kept frozen at −30 ◦C
ntil analysis.

.7. Pharmacokinetic calculation

The plasma concentration-time profiles of NIF and
NIF were obtained for each individual subject, and non-

ompartmental pharmacokinetic parameter calculations were
erformed using the NONMEM Program version 1.1 (Globo-
ax Inc., Ellicott City, MD). The elimination rate constant (β)
as obtained as the slope of the linear regression fit of the

og-transformed concentration values versus time data in the
erminal phase. The elimination half-life (t1/2β) was calculated
s 0.693/β. The time to peak plasma concentration (Tmax) and
eak plasma concentration (Cmax) were read directly from the
bserved concentration versus time profiles. The area under the
lasma concentration-time curve to the last measurable concen-
ration (AUC0–24h) was calculated using the linear trapezoidal
ule for the observed values from zero time to the last measured
ime point. The AUC0−∞ (AUC from time zero to infinity) was
alculated as following equation:

UC0−∞ = AUC0−24h + Ct

β
(1)

here Ct is the last measurable plasma concentration.

.8. Statistical analysis

Data are expressed as mean ± SD. Differences between
roups for continuous variables on more than one occasion
ere evaluated with repeated measures analysis of variance

ANOVA). Differences between two groups were analysed using
aired Student’s t-test. A pairwise analysis is the comparison
f the outcome of the two measurements, namely, the before
nd after measurements are compared. In the case of means of
harmacokinetic parameters for each individual on the measure-
ent before is subtracted from that after the intervention (i.e. St.

ohn’s wort treatment for 14 days). These differences are for all
ndividuals added together producing a mean difference with an
ssociated standard deviation. The null hypothesis is that the
verage is zero, overall (in net terms) the respondents did not

hange. Statistical significance was set as P < 0.05.

Before start of the present study, we have done a power anal-
sis using the SISA program (http://home.clara.net/sisa). The
ower of a study refers to the probability of detecting a “true”

c
o
i
v
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ffect of a factor, the larger the sample size, the higher the power,
ut the cost of study will also significantly increase. Thus a
roper sample size is always needed in clinical pharmacoki-
etic studies, and the power calculated is the power with which
ou detect a postulated net change over all individuals. It was
5.9% and 92.5% when assuming α values of 0.05 and 0.1 with
double-sided analysis, respectively. The power was 92.5% and
6.8% if α values of 0.05 and 0.1 with a single-sided analysis
ere set, respectively.

. Results and Discussion

.1. Method development

In this study, ESI was chosen as the ionization source. In
he method developed by B Streel et al. [19], the atmospheric
ressure chemical ionization (APCI) was used. In APCI, ions
re produced in the discharge and extracted into the mass spec-
rometer. APCI is best suited to relatively polar, semi-volatile
amples. Some studies indicate that APCI is much less suscep-
ible to analyte-ion suppression compared with ESI techniques
51,52]. APCI is often used only after ESI has not provided the
equired sensitivity, as APCI needs strict operating conditions
uch as high flow rate, high temperature and high voltage, and
hus result in incompatibility with thermally labile compounds
51]. It is well known that NIF is thermal- and photo-sensitive,
hus ESI ionization source is more suitable for its measurement
nd adopted in this study.

It was found that the signal intensity of the analytes and IS
n human plasma was high using ESI source and the regression
urves were linear over 0.5–100 ng/mL. The chemical struc-
ures of these components were described in Fig. 1. By using
SI, the analytes and IS formed predominantly protonated quasi-
olecular ion [M + H+]+ in full scan spectra, with an m/z 347.1

or NIF, m/z 345.0 for DNIF, and m/z 361.1 for IS. To deter-
ine NIF and DNIF using SRM mode, full scan product-ion

pectra of the analytes and IS were investigated. The most
bundant ion in the product-ion mass spectrum was at 315.0
or NIF, 284.1 for DNIF and 315.0 for IS. Capillary and cone
oltages and collision energies were optimized to obtain the
reatest intensity of the most abundant product ion for further
S/MS experiments. The collision behavior of the [M + H+]+

f these compounds was strongly dependent on the collision
nergy. For DNIF, an increase in the collision energy caused
marked increase of the fragmentation processes; while an

ncrease in the collision energy caused a marked decrease of
he fragmentation processes for NIF and IS. After optimization,
he collision behavior was carried out using 8, 12 and 28 V col-
ision energy and 20, 25 and 15 V cone voltages for NIF, IS
nd DNIF, respectively. The capillary voltage was adjusted to
.0 kV to obtain a maximum intensity of the product ions. It
as found that the source temperature and the desolvation tem-
erature did not significantly influence the MS behavior of these

ompounds and remained unchanged at the recommended value
f 110 ◦C and 350 ◦C, respectively. Other MS conditions, includ-
ng Desolvation/Cone Gas Flow, RF lens voltage and Extractor
oltage, were maintained at the auto-tuned (default) values,

http://home.clara.net/sisa
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ig. 2. Representative full-scan production spectra of the protonated molecules
f nifedipine (NIF, A), dehydronifedipine (DNIF, B), and nitrendipine (IS, C).

ince they did not significantly affect the collision behavior of
he analytes. The Analyser parameters were kept in the recom-

ended SRM mode, and the Entrance/Exit were modulated to
1 and +1, respectively. Therefore, the multiple reaction mon-

toring (MRM) transition of m/z 347.1 → 315. 0 for NIF, m/z
45.0 → 284.1 for DNIF and m/z 361.1 → 315.0 for IS were
elected to obtain a maximum sensitivity. The corresponding
ull-scan ESI+-MS/MS spectra for these target compounds are
hown in Fig. 2. NIF and IS (nitrendipine) share a major product
on with an m/z of 315.

NIF is highly bound to plasma proteins with a binding per-
entage of 92–98% [46]. This necessitates the development of
he extraction procedure to effectively recover the drug from
lasma to exclude or minimize the matrix interferences. The
xtraction efficiency of different solvent including acetonitrile,
thyl-acetate, toluene, n-pentane-dichloromethane (7:3, v/v),
-hexane-dichloromethane (7:3, v/v) and ether-n-hexane (3:1,
/v) were compared during our method development. Ethyl-
cetate, toluene, and n-pentane-dichloromethane (7:3, v/v) gave
n extraction recovery of 45%, 49% and 51%, respectively, for

IF and DNIF at 10 ng/mL. These three organic solvents also
enerated a marked decrease (26–35%) in spectral response
f NIF and DNIF. Both acetonitrile and ethyl-acetate gave
42–49% and 51–65% of extraction efficiency for NIF and

3

t
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NIF, respectively, yet n-pentane-dichloromethane and toluene
howed an acceptable extraction for NIF (75%) but only mod-
rate extraction efficiency (∼40%) for DNIF and these solvents
lso increased the matrix effect and caused a marked decrease
>35%) in mass spectral response to the two analytes. The best
esults were obtained using ether-n-hexane (3:1, v/v) as the
xtraction solvent. Ether-n-hexane (3:1, v/v) also showed a mod-
rate matrix effect and decreased the mass spectral response to
he analytes by approximately 10–20%, but to a lesser extent
ompared to other solvents; and the ratio of spectral response of
nalyte over IS was consistent throughput the analytical process.
hus, ether-n-hexane (3:1, v/v) was chosen as the extraction
olvent in the study.

Various combinations of methanol and water with varying
ontents of each component were investigated and compared to
dentify the optimal mobile phase that produced the best sen-
itivity, efficiency and peak shape. An acidic modifier (formic
cid) in the mobile phase improved peak shape for NIF and DNIF
ut the peak for IS was slightly skewed, whereas an increase in
he water content broadened the peaks of NIF and DNIF. The
ifferential response of NIF and IS peak shape to mobile phase
djustment is probably due to the difference in their LogP values
IS versus NIF: 2.756 versus 2.343). A mobile phase consisting
f methanol/water (containing 0.1% formic acid) was finally
hosen and the ratio of 80:20 (v/v) was optimal.

The selected transitions are analyte-specific and different
rom one another (Table 1), and the MS/MS detection of NIF
nd DNIF in the SRM mode was demonstrated to be specific.
nder these conditions, a complete chromatographic separa-

ion was not needed, and a mobile phase with a strong polarity
methanol/water, 80:20, v/v) could be used to considerably
ecrease the total run time. Each chromatographic run was com-
leted within approximately 2.5 min. Fig. 3 illustrates the typical
RM chromatograms of NIF, DNIF and IS.

.2. Method validation

.2.1. Selectivity
The LC/MS/MS method demonstrated high specificity

ecause only ions derived from the analytes of interest were
onitored. The selectivity toward endogenous plasma matrix
as tested in six different batches of human plasma samples by

nalyzing blanks and spiked samples at LLOQ levels. Endoge-
ous peaks at the retention times of the analytes were not
bserved for any of the plasma samples evaluated. This indi-
ated no significant interference of the analytes and the IS from
he plasma at the expected retention times. Representative chro-

atograms of blank human plasma and the plasma with added
IF at LLOQ levels are shown in Fig. 3. The retention times

or NIF, DNIF and IS were 1.93, 1.84 and 1.95 min, respec-
ively. The method had a significantly shorter total running time
2.5 min) for simultaneous determination of NIF and DNIF com-
ared with those reported in the literature [19,28,30,35,38,39].
.2.2. Matrix effects
A matrix effect (ME) occurs when a biological sample con-

ains a component that does not give a signal in the SRM channel
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Fig. 3. Representative selected reaction monitoring (SRM) chromatograms of
nifedipine (NIF), dehydronifedipine (DNIF) and nitrendipine (IS) in human
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between-run CVs of the response factors for each concentra-
lasma. (A) a blank plasma sample; (B) a plasma sample with added NIF and
NIF at an LLOQ level (0.5 ng/mL); and (C) a plasma sample from a volunteer
0 h after an oral administration of 10 mg nifedipine tablet.

sed for the target analyte but co-elutes with the analyte and

ffects the spectral response of the analyte [52]. The presence of
n ME can decrease or increase the response of the analyte and
hus affect the sensitivity of a developed method. Therefore, an

t
a
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ssessment of the ME and a minimization of ME are critical for
he reliable evaluation of newly developed LC/MS/MS methods.
he assessment of the relative ME was made by a direct com-
arison of the analyte peak area values between different lots
sources) of plasma. The peak area ratios (individual/combined)
anging from 0.95–1.08 showed no co-elution effect and these
hree co-eluted compounds in the plasma did not cause signif-
cant mutual enhancement or suppression of the response. The
ariability in the values, expressed as RSDs (%), is a measure
f the relative ME for the target analyte. The variability was
cceptable with RSD values < 8.0% at different concentrations
f NIF and DMIF in five different lots of human plasma, indi-
ating that the relative ME for the analyte was minimal in this
tudy.

For the absolute ME, a peak-area comparison showed that
here was a 15–22% decrease of the area of these compounds in
he post-extraction spiked plasma samples, suggesting a matrix
ffect on the ionization of these compounds. The result of ME
t QC concentrations of NIF and DNIF in five different batches
f human plasma shows that there was an ME as indicated by
alues of <100% (range from 78.1% ∼ 85.2%) in the area of
he analyte in spiked plasma samples post-extraction. This indi-
ated that an ionization suppression for NIF and DNIF under the
resent chromatographic and extraction conditions when an ESI
nterface was employed. Notably, the ionization suppression for
he analytes observed was similar and kept consistent over the
C concentration ranges of the analyte (2 ∼ 50.0 ng/mL) with-
ut showing any analyte concentration-dependence as well as
or different batches of human plasma. Moreover, such ioniza-
ion did not affect the slopes and linearity of the established
alibration curves throughout the analytical period. Although
n ionization suppression was indeed observed for these com-
ounds, a significant change in the ionization response of each
nalyte was not found, and the ratio of analyte over IS was con-
istent throughout the analytical period. Thus, despite the matrix
ffects observed, the present analytical method was considered
eliable with a high sensitivity for NIF and DNIF determination
n human plasma.

In addition, the “cross-talk” between MS/MS channels used
or monitoring analytes was assessed by separately injecting
IF, DNIF and IS (all at 10 ng/mL) and monitoring the response

n the other two channels. No “cross-talk” between channels was
bserved.

.2.3. Linearity and lower limit of quantification
The slope, the intercept and the correlation coefficient (r) for

ach standard curve from each analytical run were determined
utomatically by the Waters Masslynx V 4.0 software program.
able 2 shows the mean slope, intercept and correlation coeffi-
ient values for both NIF and DNIF. Typical calibration curves
or NIF and DNIF are shown in Fig. 4. The mean squared cor-
elation coefficients (r2) for the daily calibration curves were
ll ≥0.995 (n = 5) for both NIF and DNIF and the within- and
ion assayed were <10%. The mean y intercepts were 0.096
nd 0.4013 (n = 5) for NIF and DNIF, respectively. These values
re acceptable for routine analytical methods in clinical settings
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Table 2
Slope, intercept and correlation coefficient (r) for the calibration curves for nifedipine and dehydronifedipine (n = 5)

Compound Concentration range
(ng/mL)

Slopea Intercepta r2

Mean ± SD CVb (%) Mean ± SD CVb (%)

NIF 0.5–100 0.0542 ± 0.0018 3.5 0.0965 ± 0.0050 5.2 ≥ 0.996
DNIF 0.5–100 0.0394 ± 0.0020 5.1 0.4013 ± 0.0382 9.5 ≥ 0.995
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IF: nifedipine; DNIF: dehydronifedipine; IS: nitrendipine.
a Slope and intercept were determined automatically by Waters Masslynx sof
b CV: coefficient of variation = SD/Mean × 100.

lthough improvements can be made by optimizing further the
ethod. For each point on the calibration curves for the two ana-

ytes, the concentrations back-calculated from the equation of
he regression analysis were within acceptable limits for accu-
acy and precision of ≤10%. Both analytes showed excellent
inearity over 0.5–100 ng/mL for NIF and DNIF (Table 2). The
owest concentration on the calibration curve of NIF and DNIF
as 0.5 ng/mL. The analytes’ response at these concentration

evels was >5 times of the baseline noise. The precision and
ccuracy at these concentration levels were acceptable, with

11.5% of the CVs and <10.0% of the relative errors. Thus,

he lowest concentration on the calibration curve was accepted
s the LLOQ. The limit of detection (LOD) was calculated to be
.05 ng/mL for NIF and 0.1 ng/mL for DNIF, respectively.

ig. 4. Representative calibration curves for nifedipine (NIF, plot A) and dehy-
ronifedipine (DNIF, plot B).
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.2.4. Accuracy and precision
The intra- and inter-day precision and accuracy data for NIF

nd DNIF are summarized in Table 3. All values of accuracy
nd precision were within recommended limits. Intraday preci-
ion ranged between 3.1% and 9.7%, and the inter-day precision
as between 3.5% and 11.4%. The mean intra-day errors were
etween −6.9 and 2.1%, and the mean inter-day errors were
etween −6.1 and 4.9%.

.2.5. Recovery and stability
Table 4 shows the recovery (extraction efficiency) of NIF

nd DNIF from human plasma following ether- n-hexane (3:1,
/v) extraction. The recovery of NIF and DNIF from human
lasma ranged over 81.3–89.1% and 71.6–80.4%, respectively;
nd were similar at all analyte concentrations without significant
oncentration dependence. This indicated that the extraction
fficiency for NIF and DNIF was acceptable.

The stability of NIF and DNIF in human plasma under dif-
erent storage conditions is presented in Table 5. There was no
ignificant degradation under these conditions described in this
tudy, since their concentrations deviated by no more than 10.5%

elative to the reference nominal concentrations. No degrada-
ion products were detected under the selected MS conditions.
oth NIF and DNIF in human plasma can therefore be stored
t room temperature for 4 h, 25 days at −30 ◦C and after three

able 3
ntra- and inter-day precision and accuracy data for assays of nifedipine and
ehydronifedipine in human plasma (n = 5)

ompound Nominal
concentration
(ng/mL)

Precision Accuracy (mean
relative error, %)

Mean ± SD RSD (%)

ntra-day
NIF 2 2.1 ± 0.2 7.4 2.1

10 9.4 ± 0.3 3.1 −6.2
50 50.9 ± 2.1 4.2 1.8

DNIF 2 2.0 ± 0.2 9.7 1.4
10 9.6 ± 0.7 7.5 −3.6
50 46.6 ± 2.0 4.2 −6.9

nter-day
NIF 2 1.9 ± 0.1 6.1 −3.6

10 9.8 ± 0.5 5.2 −1.5
50 52.4 ± 1.8 3.5 4.9

DNIF 2 2.0 ± 0.2 11.4 0.5
10 9.4 ± 0.5 4.8 −6.1
50 47.2 ± 2.6 5.5 −5.7

IF: nifedipine; DNIF: dehydronifedipine; RSD: relative standard deviation.
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Table 4
The recovery (extraction efficiency) for nifedipine (NIF) and dehydronifedipine
(DNIF) in human plasma (n = 5)

Compound Nominal concentration
(ng/mL)

Recoverya

Mean ± SD (%) RSD (%)

NIF 2 89.1 ± 5.0 5.6
10 81.3 ± 6.1 7.5
50 82.5 ± 4.9 6.0

DNIF 2 76.3 ± 6.9 9.0
10 80.4 ± 3.2 4.0
50 71.6 ± 3.7 5.2

NIF: nifedipine; DNIF: dehydronifedipine; RSD: relative standard deviation.
a The recovery (extraction efficiency) of analytes from human plasma after

the extraction procedure was determined by comparing the areas of extracted
analytes with that of the non-extracted pure standards that represent 100%
recovery.

Table 5
Stability of nifedipine (NIF) and dehydronifedipine (DNIF) in human plasma
under various storage conditions (n = 5)

Storage
condition

Compound Nominal
concentration
(ng/mL)

Calculated concentration
(ng/mL)

Mean ± SD
(%)

Relative error
(%)

−30 ◦C/25 days
NIF 2 2.1 ± 0.1 3.6

10 9.9 ± 0.6 −0.4
50 54.2 ± 2.0 8.4

DNIF 2 2.0 ± 0.1 −0.7
10 9.7 ± 0.5 −2.4
50 47.7 ± 2.1 −4.6

−30 ◦C/3 freeze–thaw cycles
NIF 2 2.0 ± 0.1 0.9

10 9.9 ± 0.6 −1.5
50 52.9 ± 1.4 5.9

DNIF 2 2.0 ± 0.1 −0.6
10 9.6 ± 0.2 −3.8
50 48.2 ± 1.1 −3.5

4 h at room temperature
NIF 2 2.2 ± 0.1 8.4

10 9.8 ± 0.9 −2.2
50 55.3 ± 2.4 10.5

DNIF 2 2.1 ± 0.1 7.1
10 10.8 ± 0.7 7.6
50 47.3 ± 3.0 −5.4

12 h at room temperature (extracted samples)
NIF 2 1.9 ± 0.1 −5.2

10 10.6 ± 0.7 5.7
50 51.3 ± 3.4 2.7

DNIF 2 2.1 ± 0.1 4.8
10 10.7 ± 0.8 6.8
50 46.1 ± 4.6 −7.8

NIF: nifedipine; DNIF: dehydronifedipine.
aRelative error: (overall mean assayed concentration − added concentra-
tion)/added concentration × 100.
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reeze–thaw cycles. Analysis of the QC samples following ether-
-hexane (3:1, v/v) extraction procedure showed no signifi-
ant degradation after 12 h at room temperature. These results
ndicated that both NIF and DNIF were stable under routine lab-
ratory conditions and no specific procedure (e.g., acidification
r addition or organic solvents) was needed to stabilize the com-
ounds for daily clinical drug monitoring and pharmacogenetic
tudy.

.3. Application to pharmacokinetic study in humans

Before and after the volunteers were treated with St. John’s
ort at 900 mg/day for 14 days, this method was applied to

he analysis of human plasma from healthy subjects after a sin-
le oral dose of 10 mg nifedipine. There were two volunteers
uffering from cold with administration of antibiotics during
he study and they dropped off the experiment. The mean
lasma concentration–time curves before and after adminis-
ration of St. John’s wort for NIF and DNIF among the ten
olunteers were shown in Fig. 5, and the calculated pharma-

okinetic parameters of NIF and DNIF are presented in Table 6.
efore administration of St. John’s wort, following oral adminis-

ration of nifedipine at 10 mg, the mean Cmax and AUC0–24h for
IF were 50.4 ± 11.9 ng/mL, 303.4 ± 123.4 ng h/mL, and the

ig. 5. The mean plasma concentration-time profiles of nifedipine (NIF) and
ehydronifedipine (DNIF) before and after oral administration of 14 days of
t John’s wort in 10 healthy volunteers following oral administration of 10 mg
ifedipine tablet.
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Table 6
Pharmacokinetic parameters of nifedipine and dehydronifedipine before and after taking oral St John’s wort preparation at 900 mg/day for 14 days in healthy Chinese
subjects (mean ± SD, n = 10)

Parameter NIF DNIF

Before St. John’s
wort treatment

After St. John’s
wort treatment

Before St. John’s
wort treatment

After St. John’s
wort treatment

Cmax (ng/mL) 50.4 ± 11.9 31.0 ± 4.7* 21.3 ± 4.9 30.7 ± 7.6*

Tmax (h) 1.6 ± 0.6 1.5 ± 0.6 1.6 ± 0.6 1.5 ± 0.4
t1/2β (h) 5.5 ± 1.4 5.1 ± 0.6 4.9 ± 1.5 4.7 ± 0.7
AUC0–24h (ng h/mL) 303.4 ± 123.4 167.3 ± 59.1* 103.2 ± 34.4 129.7 ± 59.4*

AUC0−∞ (ng h/mL) 320.1 ± 130.3 175.4 ± 61.9* 108.8 ± 36.9 139.3 ± 59.3*

Data are the mean ± SD. Abbreviation: AUC0–24h, area under the plasma concentration-time curve from time zero to the last measurable time point (24 h); AUC0−∞,
t ; Cma
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max, maximum time to reach Cmax; t1/2β, elimination half-life.
* P < 0.05, by unpaired Student’s t-test.

ean Cmax and AUC0–24h for DNIF were 21.3 ± 4.9 ng/mL, and
03.2 ± 34.4 ng h/mL, respectively. The calculated pharmacoki-
etic parameters of NIF and DNIF in Chinese were comparable
o those previously reported in Caucasian, Japanese and Mexican
n the literature [5,26,42]. The AUC0−24h, AUC0−∞ and Cmax
f NIF significantly decreased (P < 0.05), while the AUC0−24h,
UC0−∞ and Cmax of DNIF significantly increased after St.

ohn’s wort administration for 14 days. After administration
f St. John’s wort for 14 days, the mean Cmax and AUC0−24h
or NIF were 31.0 ± 4.7 ng/mL, 167.3 ± 59.1 ng h/mL; and the
ean Cmax and AUC0−24h for DNIF were 30.7 ± 7.6 ng/mL

nd 129.7 ± 59.4 ng h/mL, respectively. However, there was no
ignificant difference in Tmax for both NIF and DNIF before
nd after the treatment of St. John’s wort. The mean t1/2β val-
es of NIF and DNIF after St. John’s wort treatment were
horter than those before St. John’s wort treatment, but the
ifference did not achieve statistic significance. The pharma-
okinetic parameters for NIF obtained from the healthy Chinese
olunteers before administration of St John’s wort showed sig-
ificant inter-individual variation with Cmax between 34.3 and
3.9 ng/mL. However, the variation became less remarkable
ith Cmax varying between 22.9 and 38.5 ng/mL after the treat-
ent of St. John’s wort. These results indicated that St. John’s
ort induced CYP3A4-catalyzed metabolism of NIF to form
NIF in humans.

. Conclusions

In this study, we reported on a newly developed LC/MS/MS
ethod for the simultaneous determination of NIF and DNIF

n human plasma. The sample pretreatment was a single-step
iquid–liquid extraction using ether- n-hexane (3:1, v/v). The
nalytes, NIF, DNIF and the IS were subjected to LC/MS/MS
nalysis using an ESI technique with satisfactory mass spec-
ral response. A detailed validation following FDA guideline
ndicated that the developed method had a high sensitivity, reli-
bility, specificity and excellent efficiency with a total running

ime of 2.5 min per sample, which is suitable for high-throughput
harmacokinetic and pharmacogenetic studies. The method was
uccessfully applied to determine NIF and DNIF plasma con-
entrations in a pharmacokinetic herb–drug interaction study in

[

[

x, maximum plasma concentration; DNIF, dehydronifedipine; NIF, nifedipine;

uman volunteers. The CYP3A4-catalyzed metabolism of NIF
as greatly induced by St. John’s wort in Chinese volunteers.
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