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a  b  s  t  r  a  c  t

Govaniadine  (GOV)  is  an  alkaloid  isolated  from  Corydalis  govaniana  Wall.  It has  been  reported  to show
a  different  number  of  biological  activities  including  anti-urease,  leishmanicidal  and antinociceptive.  The
present  study  aims  to characterize  the  GOV  in vitro  metabolism  after  incubation  with  rat  and  human
liver  microsomes  (RLM  and  HLM,  respectively)  and  to  evaluate  its  pharmacokinetic  properties.  The  iden-
tification  of  GOV  metabolites  was  conducted  by  different  mass  analyzers:  a micrOTOF  II—ESI-ToF  Bruker
Daltonics® and  an  amaZon-SL  ion  trap  (IT) Bruker  Daltonics®. For  the  pharmacokinetic  study  of  GOV  in rats
after  intravenous  administration,  a  LC–MS/MS  method  was  developed  and applied  to.  The  analyses  were
performed  using  an Acquity  UPLC® coupled  to an Acquity  TQD  detector  equipped  with  an  ESI  interface.  The
liver microsomal  incubation  resulted  in  new  O-demethylated,  di-hydroxylated  and  mono-hydroxylated
compounds.  Regarding  the  method  validation,  the  calibration  curve  was  linear  over the concentration
range  of  2.5–3150.0  ng mL−1, with a lower  limit  of quantitation  (LLOQ)  of  2.5 ng  mL−1. This  method  was

successfully  applied  to a pharmacokinetic  study.  The  profile  was  best  fitted  to  a two-compartment
model,  the  first  phase  with  a high  distribution  rate  constant  (�)  0.139  ±  0.086  min−1,  reflected  by  the
short  distribution  half-life  (t1/2�)  9.2 ± 8.9  min  and  the  later  one,  with  an  elimination  half-life  (t1/2�)
55.1  ±  37.9  min.  The  main  plasma  protein  binding  was  96.1%.  This is a first  report  in this  field  and  it  will
be  useful  for  further  development  of govaniadine  as  a drug  candidate.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Natural products (NPs) form a rather heterogeneous class of
ompounds differentiated by their biological role and source organ-

sms: plants, bacteria, yeast, fungi and marine organisms to name a
ew. They have historically been a significant source for lead com-
ounds or pharmacophores for medicinal chemistry and also play

∗ Corresponding author.
E-mail address: npelopes@gmail.com (N.P. Lopes).

ttp://dx.doi.org/10.1016/j.jpba.2016.09.003
731-7085/© 2016 Elsevier B.V. All rights reserved.
a key role in drug discovery due to their structural diversity, com-
plexity and potential to show biological activities. Hence, they have
been used as a bottom line in the development of clinical drugs
[1–3].

The genus Corydalis (family Fumariaceae) is distributed mostly
in Eurasia [4]. The plants from this genus have been used as anal-
gesic and anticancer agents in east Asia [5] and alkaloids are

considered the most important constituents responsible for bio-
logical activities [6]. Tetrahydroprotoberberine-type alkaloids are
identified as a new category of dopamine receptor ligands and anti-
malarial agents [7].

dx.doi.org/10.1016/j.jpba.2016.09.003
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpba.2016.09.003&domain=pdf
mailto:npelopes@gmail.com
dx.doi.org/10.1016/j.jpba.2016.09.003
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Fig. 1. Chemical structure of the govaniadine.

In this context, govaniadine (GOV, Fig. 1) is one of the main active
onstituent isolated from Corydalis govaniana Wall. [7], a glabrous
erb distributed in the Himalayas of Nepal, Pakistan and India [4,7].
OV has been reported to show a different number of biological
ctivities including anti-urease [7], leishmanicidal [8] and antinoci-
eptive [4]. These activities have inspired the conduction of a study
egarding its pharmacokinetic profile and in vitro metabolism.

Pharmacokinetics and metabolism studies play a notable role
n early drug discovery and development process [9]. Over the last
ecade, these studies have been responsible, for the decrease in the
ailure rate of drug development [10]. Obtaining the in vivo phar-

acokinetic profile of a lead candidate in plasma over time enables
 better correlation of its dosing regimen to its exposure and
esponses [11]. Furthermore, xenobiotic compounds are targets
or metabolic biotransformation, mainly cytochrome P450 enzyme
CYP450s) mediated. Since such transformation may  produce com-
ounds with different pharmacological properties or reactive ones
12], GOV metabolism requires clarification, considering its previ-
usly mentioned activities.

Therefore, the purpose of the present study was  to propose,
o compare and to characterize the potential in vitro metabo-
ites of govaniadine from incubation with pooled rat and human
iver microsomes (RLM and HLM, respectively) and to evaluate its
harmacokinetic properties using high performance liquid chro-
atography coupled to mass spectrometer (LC–MS). Considering

here have been no studies, in this field, for govaniadine, such work
ill be helpful to promote its further development as a drug.

. Material and methods

.1. Chemicals and reagents

The whole plant of Corydalis govaniana Wall. was  collected
rom Langtang (Rashuwa, Nepal) and identified by Mr.  Sanjiv
umar Rai, Taxonomist, Department of Plant Resources, Tha-
athali (Kathmandu, Nepal). A voucher specimen, CG-207, has
een deposited in Central Department of Botany, Tribhuvan
niversity, Kirtipur (Kathmandu, Nepal). The extraction and iso-

ation of Govaniadine ((14aS)-2-methoxy-5,8,14,14a-tetrahydro-
H-[1,3]dioxolo[4,5-g]isoquino[2,1-b]isoquinolin-1-ol) from Cory-
alis govaniana Wall. was previously published [7]. Mianserin

MIAN) was employed as internal standard (IS) (Sigma–Aldrich,
teinhein, Germany).

Acetonitrile (MeCN), chloroform (CHCl3), ethyl acetate (EtOAc),
ethanol (MeOH), n-hexane (n-hex) and formic acid (CH2O2)
nd Biomedical Analysis 131 (2016) 464–472 465

were purchased from J.T. Baker (Phillipsburg, NY, USA). Water
was purified using a Milli-Q system (Millipore, Bedford, USA).
Sodium chloride and sodium dihydrogen phosphate were obtained
from Merck (Darmstadt, Germany). Sodium hydroxide and potas-
sium chloride were obtained from Nuclear (São Paulo, Brazil).
Tris (hydroxymethyl) aminomethane was obtained from J.T.
Baker. Nicotinamide adenine dinucleotide phosphate (NADPH),
glucose-6-phosphate and glucose-6-phosphate dehydrogenase
were obtained from Sigma–Aldrich (St. Louis, MO,  USA). All other
chemicals and reagents were of the highest analytical grade avail-
able.

Human liver microsomes (HLM, pooled mixed gender, fifty
individual donors), NADPH regenerating system (NRS) Solution A
(26.1 mM NADP+, 66 mM glucose-6-phosphate, and 66 mM MgCl2
in H2O) and Solution B (40 U mL−1 glucose-6-phosphate dehydro-
genase in 5 mM sodium citrate) were purchased from Corning Life
Sciences (New York, NY, EUA). Rat liver microsomes (RLM, pooled
from 6 animals) were obtained by differential high-speed cen-
trifugation according to a previously published procedure [13].
All care and handling of the animals were performed with the
approval of the Ethical Committee from the University of Sao Paulo
(#14.1.721.53.6). The animal studies were performed in accordance
with the Guiding Principles for Research Involving Animals and
Human Beings from the American Physiological Society.

2.2. LC–MS/MS for metabolite identification

The identification of GOV metabolites was conducted using
two Shimadzu (Kyoto, Japan) High Performance Liquid Chro-
matography (HPLC) each one coupled to different mass analyzers:
a micrOTOF II—ESI-ToF Bruker Daltonics® (Billerica, MA,  USA)
and an amaZon-SL ion trap (IT) Bruker Daltonics®. The HPLC
comprising a LC-20AD solvent pump unit, a CTO-20A column
oven, a DGU-20A3 online degasser, a CBM-20A system controller
and a SPD-M20A (190 a 800 nm)  diode array detector. Injec-
tions were performed automatically (5 �L) through a 100 �L loop
SIL-20A HT. The separation of GOV and its metabolites was per-
formed at 40 ◦C using a KinetexTM XB-C18 Phenomenex column
(100 mm × 2.1 mm d.i., 2.6 �m particle size) and a Phenomenex
C18 column (2.0 mm × 2.1 mm d.i.) as guard column (Torrance,
CA, USA.). The mobile phase was comprised of water (solvent A)
and acetonitrile (solvent B) both with 0.1% formic acid, and it was
pumped at a flow rate of 0.3 mL min−1. The gradient elution pro-
gram was  performed as follows: 0–5 min  10% (B), 5–6 min  30%
(B), 6–7 min  100% (B), 7–7.5 min  100% (B), 7.5–11 min  10% (B). For
the high-resolution ToF (time-of-flight) analyzer, the mass spec-
trometer source parameters were set as follow: capillary voltage at
3.5 kV. Nitrogen (N2) was used as nebulizing and drying gas (4 bar,
9 L min−1, 200 ◦C). The electrospray ionization source (ESI) was
operated in the positive ion mode. The detection was made con-
sidering a mass range of 100–500 m/z. The accurate masses were
obtained by using sodiated trifluoroacetic acid (Na+-TFA) as mass
standard (10 mg mL−1). The data were processed through Bruker
Compass Data Analysis 4.1 software (Bremen, Germany). For the
ion trap analyzer, the mass spectrometer source parameters were
set as previously described and the data were processed on the
same previous software.

2.3. In vitro metabolism

2.3.1. Rat liver microsome incubation
GOV (60 �mol  L−1) was  added to sodium phosphate buffer
(100 mmol  L−1; pH 7.4) containing rat liver microsomes (RLM,
1.0 mg  microsomal protein mL−1 of incubation) and the mixture
was pre-incubated using a shaking water bath at 37 ◦C for 5 min
(model SL 157, Solab, Brazil). The reaction was  initiated by adding
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Table 1
Compound dependent parameters for GOV and MIAN in MRM  mode for UPLC®-
MS/MS  analysis.

Analyte Capillary (kV) MRM  (m/z) Cone (V)  Collision
energy (eV)
66 L.M.M. Marques et al. / Journal of Pharmaceu

ofactor solution consisted of NADP+ (0.25 mmol L−1), glucose-6-
hosphate (5 mmol  L−1) and glucose-6-phosphate dehydrogenase
0.5 units mL−1) in Tris–HCl buffer (Tris–HCl 0.05 mol  L−1–KCl
.15 mol  L−1, pH 7.4). The final incubation volume was set at
000 �L. The composition of the sample control was identical
xcept that no cofactor solution was added to the solution. The
ncubation was ended after 90 min  by the addition of chloro-
orm (4000 �L). After that, the sample preparation was carried out
ccording to Section 2.3.3.

.3.2. Human liver microsome incubation
GOV (30 �mol  L−1) was added to potassium phosphate buffer

100 mmol  L−1; pH 7.4) containing human liver microsomes (HLM,
.0 mg  microsomal protein mL−1 of incubation). Prior to the addi-
ion of NRS, the samples were incubated using a shaking water bath
t 37 ◦C for 5 min. The reaction was initiated by the addition of a
RS (1.3 mmol  L−1 NADP+, 3.3 mmol  L−1 glucose-6-phosphate, 0.4
nits L−1 glucose-6-phosphate dehydrogenase, and 3.3 mmol  L−1

gCl2 in 100 mmol  L−1 potassium phosphate buffer, pH 7.4). The
nal incubation volume was set at 200 �L. The composition of the
ample control was identical to the previous incubations except
hat no NRS was added. The incubation was ended after 90 min
y the addition of chloroform (1000 �L). After that, the sample
reparation was carried out according to Section 2.3.3.

.3.3. Liver microsome sample preparation
A liquid–liquid extraction (LLE) procedure was employed to

xtract GOV from the liver microsomes (RLM and HLM). After
0 min  of incubation, chloroform was added to the samples. Then,
he samples were vortexed for 20 s (model AP56 Phoenix, Brazil),
haked for 15 min  (Vibrax VXR agitator; IKA, Staufen, Germany)
nd centrifuged for 8 min  at 3000 rpm (Hitachi CF16RXII, Himac,
okyo, Japan). The organic layer from RLM and HLM incuba-
ion samples were collected (3000 and 750 �L, respectively) and
llowed to evaporate to dryness under a rotation vaccum concen-
rator (30 min; 35 ◦C; Analitica, Christ RVC2-18, São Paulo). After
hat, the residue was reconstituted in 200 �L of the mobile phase

eCN:H2O (10:90 v/v), filtered through a 0.22 �m polytetrafluo-
ethylene membrane (Millex, Millipore) and 5 �L was injected into
he chromatography system. All experiments were performed in
riplicate (n = 3).

.4. LC–MS/MS for validation procedure and the pharmacokinetic
tudy

The UPLC®-MS/MS analyses were performed using an Acquity
PLC (Waters, Milford, MA,  USA) coupled to an Acquity TQD detec-

or equipped with an ESI interface and an Acquity UPLC BEH C18
Bridged Ethylsiloxane Hybrid; 2.1 × 50 mm,  1.7 �M)  column pro-
ected by an Acquity UPLC Vanguard column of the same material.
he mobile phase composition, the gradient elution program, the
ow rate and the column temperature were the same as described
bove (Section 2.2). The samples were conditioned at 10 ◦C in the
uto-sampler. The injection mode applied was the partial loop
ith needle overfill, using 5 �L of injection volume. Data were

cquired by MassLynx V4.1 software and processed for quantifi-
ation by QuanLynx V4.1 (Waters). The MS  tune parameters used
ere 0.16 L/h for the collision gas (argon) flow at a pressure of
3.02 × 10−3 mBar in the collision cell, and the desolvation gas

N2) flow was 650 L/h. The source and desolvation temperature

ere 150 ◦C and 350 ◦C, respectively. A multiple reaction monitor-

ng mode (MRM) was used for the quantification of the analytes in
he positive ionization mode, the optimized values are depicted on
able 1.
Govaniadine 2.5 326 > 178 20 15
Mianserin 2.5 265 > 208 25 20

2.4.1. Method validation
A bioanalytical validation method was performed according to

the EMEA guideline [14]. The GOV stock solution was  prepared in
methanol at 1000 �g mL−1. Working solutions were prepared at
concentration levels of 0.025; 0.05; 0.1; 0.2; 0.4; 1.1; 10.5; 21.0;
26.3 e 31.5 �g mL−1 by serial dilution of the primary stock solution
with methanol. The IS stock solution (1000 �g mL−1) was prepared
in methanol and was further diluted with methanol to 5.5 �g mL−1.
All solutions were kept at −20 ◦C and brought to room temperature
(25 ± 2 ◦C) before use. The calibration standards were prepared by
spiking 10 �L of the corresponding working solutions mentioned
above into 100 �L blank plasma to yield the concentrations of 2.5,
5.0, 10.0, 20.0, 40.0, 110.0, 1050.0, 2100.0, 2630.0, 3150.0 ng mL−1

for GOV and 550 ng mL−1 for the MIAN.
Calibration curves (n = 5) were obtained by spiking aliquots of

100 �L drug-free plasma samples with GOV standard solutions,
using separately prepared stock solutions. The linearity of the
proposed method was  checked over the concentration range of
2.50–3150.0 ng mL−1. The calibration curve was constructed by
plotting the GOV/IS peak area versus GOV concentrations. The
correlation coefficient (r) and linear regression equation were cal-
culated using the weighted least-squares linear regression method
(1/x2 weighting factor). In addition, the linearity was assessed using
an ANOVA lack of fit test, setting the p value to ≥0.1 with MINITAB
Release software, version 14.1 (State College, PA, USA).

The selectivity of the method was assured by analyzing six
individual sources of plasma blank. The absence of interfering
components was accepted when the response was less than 20%
of the lower limit of quantitation (LLOQ = 2.5 ng mL−1) for GOV
and 5% for the IS. To assess carry-over effect, blank samples
were injected immediately after the highest calibration standard
(2630.0 ng mL−1). Carry-over should not be greater than 20% of the
lower limit of quantification and 5% for the IS. Matrix effects were
investigated using normal (n = 6), haemolysed (n = 3) and hyper-
lipidaemic (n = 3) plasma from individual rats. For GOV  and IS, the
matrix factor (MF) was calculated by the ratio of the peak area in
the presence of matrix to the peak area in absence of matrix. The IS-
normalized MF  was calculated by dividing the MF  of the GOV by the
MF of the IS. The coefficient of variation (CV, %) of the IS-normalized
MF  calculated from the six lots of plasma should not be greater than
15%. The determination was done at the concentrations levels of 5.0
and 2630.0 ng mL−1.

The precision describes the closeness of repeated individual
measures of analyte and it was expressed as coefficient of varia-
tion (CV, %). Accuracy describes the closeness of the determined
value obtained by the method to the nominal concentration of the
analyte and it was expressed as the percent of deviation between
the true and the measured value, i.e., relative error (RER, %) [14]. To
assess within-run precision and accuracy, the plasma samples were
spiked to achieve the GOV concentrations: 2.5, 5.0, 40.0, 1050.0,
2630.0 and 3150.0 ng mL−1 (n = 5). For between-run assays, plasma
samples at the same above described concentrations were deter-
mined during the routine operation of the system over a period of
three working days. To quantity the samples from the precision and

accuracy assays, an analytical curve was constructed on the same
day and was  used for the quantification of each sample. The lim-
its for the accuracy and precision assays were set at 15% for the
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ER% and for the CV%. The lower limit of quantitation (LLOQ) was
erformed at govaniadine concentration of 2.50 ng mL−1. The lim-

ts for the accuracy and precision of the LLOQ were set at 20%. To
etermine the absolute recovery, 100 �L of plasma samples (n = 5
or each concentration) were spiked at GOV concentrations 2.50,
0.0, 2630.0 and 3150.0 ng mL−1 and submitted to the LLE proce-
ure. The obtained peak areas for the analytes in these samples
ere compared with the peak areas obtained by the direct analysis

f pure solutions containing identical amounts of each compound,
hich were dissolved in the mobile phase. Recovery was expressed

s the percentage of the amount extracted, and the coefficient of
ariation was determined.

Stability tests were conducted to evaluate the short and long
erm, freeze–thaw and autosampler stability for samples spiked
t low (5.0 ng mL−1) and high (2630.0 ng mL−1) GOV concentra-
ion levels (n = 5), the quality control samples (QC). For long term
tability, the results obtained with freshly prepared stock solution
ere compared with those results obtained using the stock stan-
ard solutions stored in the freezer for 10 days (−60 ◦C). For the
hort term stability, GOV plasma samples were kept at room tem-
erature (25 ± 2 ◦C) during 6 and 12 h. For freeze and thaw stability
he QC samples were stored and frozen in the freezer (−60 ◦C) and
hereafter thawed at room temperature (25 ± 2 ◦C). After complete
hawing, samples were refrozen again applying the same condi-
ions. At each cycle, samples were frozen for 12 h before they are
hawed. It was employed three cycles. For the autosampler sta-
ility, after the LLE procedure, the samples were placed in the
utosampler and then injected 24 h later. The samples were con-
idered stable when the relative error (RER, %) from the nominal
oncentration was within ±15% and when the CV was  below 15%.

.4.2. Pharmacokinetic study
Wistar male rats (250 ± 10 g) were provided by the animal

acility of the University of São Paulo, Ribeirão Preto Campus
#14.1.721.53.6). For the experiments, the animals were fasted for
welve hours before treatment.

The GOV dose (1 mg  kg−1) intravenously administered to the
nimals was solubilized with ethanol, 20% v/v [15] and with phos-
hate buffer (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4 and
.4 mM KH2PO4, pH 7.4). Blood samples (≈200 uL) were collected at
, 10, 20, 30, 40, 60, 90, 120 and 180 min  in heparinized tubes. After
ollection, the tubes were centrifuged (20 min, 4 ◦ C, 2000 rpm;
OECO Germany M-240R, Germany) and the plasma was  sepa-
ated and stored in a freezer at −60 ◦C until the sample preparation
rocedure.

For the plasma samples [16] a 100 �L aliquot of plasma sam-
le was transferred into a eppendorf tube (2 mL,  Axigen®, Union
ity, NJ, USA). To this aliquot, 10 �L IS (5,5 �g mL−1) and 750 �L of
thyl acetate were added. After vortex-mixing for 2 min  (Gehaka
V-2, São Paulo, Brazil) and centrifuging (10 min, 4 ◦C, 10000 rpm;
oeco Germany M-240R, Germany), the organic layer was sep-
rated (600 �L) and evaporated to dryness under a rotation
accum concentrator (30 min; 35 ◦C; Analitica, Christ RVC2-18, São
aulo). The residue was reconstituted in 200 �L of mobile phase
eCN:H2O (10:90 v/v), filtered through a 0.22 �m polytetrafluo-

ethylene membrane (Millex, Millipore) and 5 �L was injected into
he UPLC®-MS/MS system.

Pharmacokinetic parameters were calculated using compart-
ental analysis tool of validated WinNonlin 6.4 software (USA,

icence code: 0127ADEA801A4C40B9B46878AEA120 9AE3). The
OV plasma concentration–time curve was found to be best
escribed by a two-compartment disposition model with the

eighting factor of 1/(Yhat*Yhat). The area under the concentra-

ion time curve (AUC0-180) was calculated by linear trapezoidal
ule. AUC0-∞ was calculated using the equation AUC0-180 + Cplast/�.
he rate constants (� and �) were estimated in fitting the biex-
nd Biomedical Analysis 131 (2016) 464–472 467

ponential model to the concentration versus times curves. The
half-life of distribution (t1/2�) was calculated using the equation
0.693/� and the half-life of elimination (t1/2�) was  calculated using
the equation 0.693/�.  The mean residence time (MRT) was cal-
culated as AUMC0-∞/AUC0-∞, where AUMC0-∞ is the area under
the first moment curve (the AUC of a plot of the product of
concentration (C) × time (t) versus t). The systemic clearance (Cl)
and the distribution volume (Vd) were determined by the equa-
tions Cl = Dose/AUC0-∝ and Vd = Cl/� [17]. All the parameters were
described as arithmetic mean ± standard deviation (SD).

2.4.3. Plasma protein binding
In vitro plasma protein binding (PPB) was  studied by an ultra-

filtration (UF) method [18]. GOV solution was added to blank
rat plasma (300 �L) to achieve the concentrations of 5.0 and
2630.0 ng mL−1. Incubations took place in a shaking water bath
(model SL 157, Solab, Brazil) at 37 ◦C for 2 h to allow equilibra-
tion, then the samples were transferred to Amicon Ultra-0.5 mL
centrifugal filters (Millipore, Billerica, MA)  with molecular weight
of 30.000 Da cut off, sealed with the attached cap and centrifuged
at 10,000 rpm, for 30 min  at 37 ◦C (BOECO Germany M-240R,
Germany) and 100 �L of the original volume of plasma was  col-
lected as an ultrafiltrate. The sample clean up was performed as
previously described in Section 2.4.2. All experiments were per-
formed in triplicate (n = 3). The GOV non-specific binding (NSB)
to the filter membrane of the UF apparatus was assessed using
spiked aqueous solution instead of using spiked plasma. The NSB
was estimated according to Eq. (1) [19]:

NSB = CAB − CAA/CAB (1)

where CAB is the total drug concentration in aqueous solution
before centrifugation and CAA is the drug concentration in the aque-
ous solution filtrate after centrifugation.

Thereby, the NSB correction to estimate the PPB was made using
Eqs. (2) and (3) [19]:

Fu = CUF/[(1-NSB)CNP] (2)

PPB = 100(1-Fu) (3)

where Fu is the free fraction, CUF is the GOV concentration in the
plasma ultrafiltrate, and CNP is the nominal plasma concentration.

2.5. Computational studies

In order to avoid speculative protonation site localization and
fragmentation, the mechanisms were done on the basis of the
computational chemistry calculations using B3LYP/6–311 + +G(d,p)
model [20] by using of the Gaussian 03 software. With a view to
clarify the fragmentation under mass spectrometry analysis, all the
geometries, enthalpies and Gibbs energies of neutral and proto-
nated forms were obtained by the vibrational frequency analysis
computed. With regard to suggest the modification at structure
from metabolism, the relative energies were computated in same
model.

3. Results and discussion

3.1. Govaniadine identification

The unchanged GOV showed a LC profile (Fig. 2) with a retention
time at 5.40 min  and an HRESI-MS spectrum which gave a proto-
nated molecule [M+H]+ at m/z 326.1393 ([C19H20NO4]+, 1.9 ppm).

Fragmentation of the [M+H]+ in the MS  ion trap yielded product
ions with m/z values of 178 and 163 (Figs. 3 and 4 A ). Theoretical cal-
culations were performed and the protonation sites for govaniadine
and its metabolites were indicated as being the N atom, the most
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Fig. 2. HPLC chromatograms for GOV in vitro metabolism with rat and human liver microsomes. Legend: govaniadine (GOV), metabolite 1 (M1), metabolite 2 (M2) and
metabolite 3 (M3).
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Fig. 3. Product mass spectra of [M+H]+ ions of GOV, m

asic site [Fig. S1 in the Supporting information (SI)]. Different pro-
onation sites were tested, besides the values of proton affinity and
asicities to be higher into N, for govaniadine, metabolite 1 (M1)
nd metabolite 2 (M2). Two pathways were observed regarding to
he product ions (Fig. 4A). The one with m/z 178 is formed through
etro-Diels-Alder (RDA) fragmentation reaction. In addition, the

ragment ion at m/z 163 was generated through the homolytic
leavage of the O C bound resulting in a methyl radical loss from
he methoxyl at C(2). This mechanism was very well described for

ycosporins uplying theoretical and experimental analysis [21].
hese fragmentation pathways are important to differentiate the
ossible modification into govaniadine after metabolism. There-
ore, modifications on quinolin ring can influence the RDA reactions
nd, the m/z differences can indicate the occurred reaction.
.2. Metabolite identification

Determination of in vitro metabolic profile of a compound plays
 crucial role in understanding its metabolic pathway in vivo [22].
lite 1 (M1), metabolite 2 (M2) and metabolite 3 (M3).

Liver microsomes are widely employed as an in vitro metabolic
model [23] because of their unique advantages such as its rich-
ness in metabolizing enzymes, mainly CYP450 ones as well as its
convenient use and the relatively low cost [24]. Indeed, pooled
liver microsomes from animals or humans are mainly employed
for metabolite profiling purposes as an attempt to identify any
metabolic liabilities [25].

In the present study, the in vitro metabolism of govaniadine by
CYP450 enzymes using pooled human and rat liver microsomes
(HLM and RLM, respectively) was investigated. The screening of
the metabolites was  performed by LC–MS. The previous mentioned
incubations (Sections 2.3.1 and 2.3.2) resulted in three new peaks
that eluted at 3.40 (metabolite 1, M1), 4.50 (metabolite 2, M2)  and
4.90 min  (metabolite 3, M3), Fig. 2. They were considered to be GOV
metabolites based on comparison of the control samples which

were incubated in the absence of either NADPH or microsomes
where no compounds were produced. The related structures were
characterized on the basis of spectrometric patterns of the product
ions. The mass deviation between the experimental and theoretical
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Fig. 4. Proposed fragmentation pathways of the product ma

/z ratio for each compound was less than 5 ppm, indicating a good
orrelation and providing support for the proposed elemental com-
ositions. The characteristic MS/MS  spectra of GOV metabolites are
hown in Fig. 3.

Metabolite 1 (M1): It eluted with a retention time of 3.40 min
Fig. 2). It gave rise to a [M+H]+ with m/z  value of 314.1371
[C18H20NO4]+, 4.8 ppm) (Fig. 3). The main fragment ion with
/z value of 178 was similar to those of the parent compound,

orresponding to the characteristic RDA fragmentation reaction,
ndicating that there had been no changes to the core isoquinoline
ing of govaniadine (Fig. 4B). M1  was identified as a GOV catechol-
erivative, formed trough O-demethylenation. In agreement, Fraga
t al. [26] demonstrated that the metabolism of a bioactive sub-
tance containing a bis-oxygenated heterocyclic ring involves the
ing-cleavage and O-demethylenation to produce the respective
,4-dihydroxyphenyl metabolite.

Metabolite 2 (M2): The mass spectra of metabolite 2 (M2), which
as detected at a retention time of 4.50 min  (Fig. 2), gave rise to a

M+H]+ with an m/z value of 340.1171 ([C19H18NO5]+, 2.5 ppm).
he MS/MS  spectrum gave product ions with m/z value of 192 and
49 through a characteristic RDA fragmentation reaction (Figs. 3

nd 4 C). The m/z 149 indicated that there had been no changes in
he core of GOV tetrahydronaphthodioxole ring. M2 was tentatively
roposed to be a di-hydroxylated metabolite (m/z 358). Due to an

n-source dehydration, only the m/z  340 is possible to notice.
ctra of [M+H]+ ions of (A) GOV, (B) M1,  (C) M2 and (D) M3.

Metabolite 3 (M3): The mass spectra gave a protonated molecule
[M+H]+ with a m/z value of 342.1319 ([C19H20NO5]+, 4.9 ppm),
which was 16 Da greater in weight than that of GOV, and it was
related to a hydroxylation reaction. M3 gave product ions with m/z
values of 324 and 194 (Fig. 3). The base peak at m/z 324 indicates
the loss of H2O from the [M+H]+ ion and the m/z  194 was formed
through a RDA reaction from the [M+H]+. It is suggested that the
GOV hydroxylation takes place at C(14), which tends to favor the
formation of the m/z 324 by H2O loss with only a relatively small
amount of m/z 194 by a RDA reaction. Considering the hydroxy-
lation in different positions, like C(5) or C(6), both reactions (H2O
loss and RDA) will not affect the occurrence of each one, or if it
were in the positions C(8) or C(13), just one of the two reactions
would be possible. Based on these data, M3  was tentatively pro-
posed to be a mono-hydroxylated metabolite (Fig. 4D). However,
the exact position of the hydroxylation could not be determined.
These results show that these systems could be used to predict GOV
in vivo metabolism.

3.3. Method development for pharmacokinetic study
In order to optimize the mass spectrometric conditions, the
GOV and IS standard solutions were respectively injected into the
Acquity UPLCTM. MS  parameters including capillary and cone volt-
age and collision energy were optimized to obtain the highest
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Table 2
Accuracy and precision (n = 5).

Within-run Between-run

[Spiked](ng mL−1) [Measured]a(ng mL−1) RERb,(%) CVc, (%) [Measured] (ng mL−1) RER,(%) CV, (%)
2.5  (LLOQ) 2.6 ± 0.2 6 6 2.6 ± 0.2 3 9
5.0  (LQC) 4.8 ± 0.3 −3 7 5.0 ± 0.5 0 10
40.0  (MQC-1) 40.3 ± 5.8 1 14 40.1 ± 4.5 0 11
1050.0 (MQC-2) 1021.8 ± 74.1 −3 7 1051.0 ± 108.1 0 10
2630.0 (HQC) 2909.0 ± 47.9 11 2 2837.4 ± 145.6 8 5
3150.0 (ULOQ) 3446.5 ± 439.8 9 13 3214.8 ± 361.5 2 11

L upper limit of quantification.
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Table 3
IS-normalized matrix factors at different govaniadine concentrations.

Plasma [Spiked]
(ng mL−1)

IS-normalized
matrix factors

matrix factor
(CV,%)

Normal
(n = 6)

5 4.2 ± 0.4 8
2630 1.2 ± 0.1 4

Haemolysed
(n  = 3)

5 2.5 ± 0.2 6
2630 1.7 ± 0.1 6
egend: LQC- lower QC; MQC-1 and 2- medium QC-1 and 2; HQC- high QC; ULOQ- 

a Mean ± SD.
b Relative error, ccoefficient of variation.

ntensity for the analytes. The other parameters were adopted for
he recommended value of the instrument [Fig. S2–S7 and Table S1
n (SI)]. The obtained MRM  (multiple reaction monitoring) param-
ters are listed in Table 1.

In order to achieve the best resolution and the appropriate ion-
zation, the chromatographic conditions including the composition
f mobile phase were optimized [18]. Acetonitrile in a gradient elu-
ion was chosen and to the mobile phase was added 0.1% formic
cid, to improve sensitivity and peak symmetry.

.3.1. Sample preparation optimization
In our study, a liquid–liquid extraction (LLE) procedure was

dapted from a previous work [16]. The results showed that
he recovery of govaniadine was higher when ethyl acetate was
mployed, Fig. 5.

.3.2. Method validation optimization
Representative MRM  chromatograms of the analytes in rat

lasma are shown [Fig. S8–S9 in (SI)]. As can be observed, there
ere no interference of endogenous compounds at the retention

ime of either GOV or the IS. The results indicated that when
lank plasma is injected right after the calibration standard of
he highest concentration (2630.0 ng mL−1), there was no residue
eak detected at the retention time of each analyte, which demon-
trating that the carry-over effect of this method was  negligible.

he calibration curve was linear over the concentration range of
.50–3150.0 ng mL−1 in rat plasma. The regression equation for cal-

bration curve was y = 0.0067824x + 0.0032189 (r2 > 0.99). The LLOQ
as 2.50 ng mL−1 with a RER within 6.0% and a CV lower than 9.0%.

Fig. 5. Solvent evaluation for GOV extraction from plasma sample (n = 5).
Hyperlipidaemic
(n  = 3)

5 2.1 ± 0.0 0
2630 1.6 ± 0.1 8

Regarding the precision and accuracy (within and between-run) the
results are shown in Table 2. The obtained values were all within
the acceptable variability limits [14], demonstrating feasibility of
the method.

The GOV extraction recoveries in rat plasma ranged from
73.2 ± 3.1% to 98.1 ± 3.9% [Table S2 in (SI)] with the CV less than
4%, and the extraction efficiency of IS was 79.2 ± 8.8%. The matrix
effect was  evaluated by IS-normalized matrix factors (MF) using
two concentration levels (5.0 and 2630.0 ng mL−1). The CVs of
the IS-normalized MF  were less than 15%, this results indicating
that matrix effects for the analytes under current method valida-
tion conditions were negligible (Table 3). The results for stability
experiments are summarized in Table 4, and they showed that gov-
aniadine was stable in rat plasma and in processed samples under
all tested conditions.

3.3.3. Pharmacokinetic study
The validated LC–MS/MS method was  successfully applied to

a pharmacokinetic study to determine the GOV concentration
in rat plasma after intravenous administration (dose = 1 mg  kg−1).
The mean plasma concentration versus time profile is shown in
Fig. 6 [Fig. S10 in (SI)]. In addition, the corresponding pharma-
cokinetic parameters are presented in Table 5. As can be seen
the relationship between areas (r areas) was  higher than 96%,
demonstrating that the collection time was  enough to contem-
plate a minimum of 80% animal exposure to GOV  dose [27] and
thus the experimental design was suitable for the reliable calcu-
lation of pharmacokinetic parameters. The profile was best fitted
to a two-compartment model with two  distinct phases. The first
one (distribution) is related to a rapid decline in the GOV plasma
concentration from the central compartment, with a high distribu-
tion rate constant (�) 0.139 ± 0.086 min−1, which is reflected by the
short distribution half-life (t1/2�) 9.2 ± 8.9 min. After reaching the
Tmax = 27.7 ± 23.9 min  (time to reach maximum plasma concentra-
tion), this initial phase comes to an end and the GOV  concentration
declines. This gradual decline appears as the later phase (disposi-
tion), with an elimination half-life (t1/2�) 55.1 ± 37.9 min.
Taking into consideration the value of the cardiac output (CO) to
Wistar rat as 234 mL  min−1/kg (CO = 180 × weight−0.19) and 50% of
this value (117 mL  min −1kg −1) is going to be received by the liver
and by the kidneys and therefore, it can not be obtained a clearance
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Table  4
Stabilities of govaniadine (n = 5).

Conditions [Spiked] (ng mL−1) [Measured]a (ng mL−1) RERb, (%) CVc, (%)

Freeze-thaw
(3 cycles)

5.0 5.1 ± 0.6 3 11
2630.0  2632.9 ± 218.4 0 8

Long-term stability
(−60 ◦C, 10 days)

5.0 5.7 ± 0.3 13 4
2630.0  2873.7 ± 242.9 9 8

Short-term stability
(25 ◦C, 6 h)

5.0 4.4 ± 0.5 −12 12
2630.0  2717.9 ± 395.8 3 15

Short-term stability
(25 ◦C, 12 h)

5.0 5.7 ± 0.6 14 11
2630.0  2972.3 ± 85.4 13 3

autosampler 5.0  5.8 ± 0.3 15 4
2630.0  2855.6 ± 166.9 9 6

a Mean ± SD.
b Relative error, ccoefficient of variation.

Fig. 6. Mean plasma concentration–time profiles of govaniadine in rat plasma after
intravenous administration (dose = 1 mg  kg−1). Data are presented as observed (�)
and model predicted values (−), n = 8.

Table 5
Pharmacokinetic parameters of govaniadine in rat plasma (n = 8) after intravenous
administrations (i.v.) (dose = 1 mg  kg−1).

Pharmacokinetic parameters unit i.v. (mean ± SD)

AUC0-t (min*ng mL−1) 42592.1 ± 37684.3
AUCt-∞ (min*ng mL−1) 44981.4 ± 41450.2
R  areas (%) 96.7 ± 2.9
�  (min−1) 0.017 ± 0.008
�  (min−1) 0.139 ± 0.086
t1/2� (min) 9.2 ± 8.9
t1/2� (min) 55.1 ± 37.9
MRT  (min) 27.4 ± 16.4
Vd (mL  kg−1) 2724.3 ± 1811.4
Cl  (mL  min−1 kg −1) 41.7 ± 30.4
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[3] J.L. Wolfender, G. Marti, A. Thomas, S. Bertrand, Current approaches and
Tmax (min) 27.7 ± 23.9
Cpmax (ng mL−1) 271.9 ± 216.5

reater than this, the obtained value 41.7 ± 30.4 mL  min−1 kg −1 is
onsidered medium [28] which means that 17.8% of the total blood
olume of the animal body that is free of the drug per minute. To the
est of our knowledge, this is the first fully developed and validated
C–MS/MS method for GOV analysis in rat plasma.

.3.4. Protein binding ability (PPB)
PPB is the distribution indicative of unbound drug which reflects

he pharmacodynamically active drug with consequences in overall
harmacological action. The knowledge of plasma protein binding
emains important throughout a drug discovery and development

roject, but should be integrated to pharmacokinetic data [9,18,29].
here are several in vitro methods for measuring the unbound frac-
ion in plasma and, ultrafiltration is one of the most commonly
used [27]. The influence of temperature in this procedure is a well-
known effect for many drugs [30]. Hence, ultrafiltration at 37 ◦C
was employed. The PPB, with NSB correction, was 92.9 ± 1.3 and
99.38 ± 0.09% for the spiked rat plasma GOV concentrations at low
and high concentrations, respectively. As it was  stated by Chan-
dasana et al. [9] and Lambrinidis et al. [29] PPB can influence the
clearance of drug in the body, thereby those extended PPB are
probably been responsible for the medium clearance previously
described. In addition, such high PPB could enable slow distribution
into the intra- and extracellular space [18].

4. Conclusion

To sum up, we have demonstrated that govaniadine is
metabolised by rat and human liver microsomes with the forma-
tion of three metabolites: O-demethylated, di-hydroxylated and
mono-hydroxylated. The related structures were characterized on
the basis of spectrometric patterns of the product ions. A sensi-
tive, rapid and specified LC–MS/MS method was  developed and
successfully applied to a pharmacokinetic study of govaniadine in
rats after intravenous administration. The profile was  best fitted to
a two-compartment model with two  distinct phases. This is a first
report in this field and it will be useful for further development of
govaniadine as a drug candidate.
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