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A simple, specific and sensitive reversed-phase high performance liquid chromatographic (RP-HPLC) method with UV absorbanc
as developed and validated for simultaneous determination of quinidine, verapamil and passive permeability markers, in sampl

rom rat intestinal in situ single-pass perfusion studies. Chromatography was carried out on C18 column with mobile phase com
cetate buffer (pH 5.0) and methanol in the ratio of 40:60 (v/v) pumped at a flow rate of 0.6 ml/min and UV detection was employ
nd 275 nm. The average retention times for hydrochlorthiazide, frusemide, quinidine, propranolol, and verapamil were 4.9, 5.8, 6
1.3 min, respectively. The calibration curves were linear (R2 > 0.9995) in the selected range for each analyte. The method is speci
ensitive with limit of quantification as 25 ng/ml for quinidine and verapamil. The intra- and inter-day accuracy and precision were fo
ood for all the five analytes. The method was found to be reliable in permeability determination and to estimate pH-dependent P-g
P-gp)-mediated efflux transport of quinidine. Weak bases quinidine, propranolol and verapamil showed pH-dependent permeab
uinidine permeability increased by 3.6-fold when the luminal pH was changed from pH 4.5–7.4. Inhibition of P-gp by verapamil (�M)

ndicated that about 68% and only 35% of passive transport of quinidine was attenuated by P-gp-mediated efflux at pH 4.5 and 7.4, r
n conclusion, low passive transport rates of weakly basic P-gp substrates at lower pH, may lead to more accessibility of these m
-gp within enterocytes thus resulting in pH-dependent functional activity of P-gp as protic drugs moves along the gastrointestina
2004 Elsevier B.V. All rights reserved.
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. Introduction

Intestinal permeability is a fundamental parameter de-
cribing the rate and extent of intestinal drug absorption and
hus correlates well to the in vivo performance of the drug or
he dosage form. Efflux transport mediated by P-glycoprotein
P-gp) is widely accepted as a reason for low and variable
ral absorption for a number of drugs. P-gp, a 170 kDa trans-
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membrane protein, is an ATP-dependent efflux memb
transporter apically expressed throughout the GIT and
ing as major biochemical barrier to oral bioavailability[1].
P-gp also plays a critical role in the distribution, metabo
and elimination of many clinically important therapeutic s
strates[2]. P-gp has broad substrate specificity and a n
ber of potential drugs including HIV protease inhibitors
indinavir, saquinavir, ritonavir and anticancer drugs like
clitaxel, vinblastine, doxorubicin have been reported to
substrates for P-gp[3]. An understanding of the physiolog
regulation of P-gp is a key to design strategies for the
provement of therapeutic efficacy of these drugs. Quini
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being a substrate to P-gp, has been used for (i) elucidating
the quantitative contribution of P-gp-mediated efflux to its
intestinal absorption[4,5], (ii) regional variability of P-gp
expression, (iii) pharmacokinetic interactions[6,7] and (iv)
P-gp kinetic profiling[8]. Further, quinidine is being increas-
ingly used for understanding mechanistic aspects of intestinal
P-gp[9].

According to pH-partition theory, the membrane perme-
ability of the uncharged species of a protic or ampholytic
molecule is much higher than that of the charged species. P-
gp-mediated efflux activity becomes insignificant for highly
permeable compounds, thus the change in passive permeabil-
ity as a function of luminal pH may influence the functional
activity of P-gp for the same drug as it travels along the Gl
tract. Based on this hypothesis, quinidine was selected for
this study as it is weak base and a strong P-gp substrate.
A suitable analytical method for determining quinidine in
the transport buffer in presence of P-gp modulator is neces-
sary for this purpose and further to study the role of P-gp
on overall permeability, kinetic profiling of P-gp-mediated
efflux transport and for exploring the use of P-gp modulators
for improving absorption. P-gp modulation studies are mostly
done with radio-chemical analysis[4,5], which is not always
possible because of problems related to the storage, handling
and waste disposal of radioactive materials. The FDA guide-
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Aristo Pharmaceutical Ltd. (Daman, India). Propranolol
HCl was from Sun Pharmaceutical Industries Ltd. (Mum-
bai, India). Verapamil and quinidine were purchased from
Sigma–Aldrich Co. (MO, USA). All the solvents used were
of HPLC grade (J.T. Baker, Mexico) and reagents and chem-
icals were of analytical grade.

2.2. Instruments

For analysis, Waters HPLC system (Milford, MA, USA)
consisting of 600 E multisolvent delivery system, 717 plus
autosampler and 2487 dual� absorbance detector was used.
MILLENIUM 32 software (version 3.05.01) was used for data
acquisition and processing. Other instruments include El-
gastat (Elga Ltd., Bucks, UK), electronic balance AG245
(Griefensee, Switzerland), Branson 3210 sonicator (The
Hague, The Netherlands), Millipore syringe filtration assem-
bly (Bangalore, India) and Brand autopippetes from E. Merck
(Mumbai, India).

2.3. Methodology

2.3.1. Chromatography
The column used for chromatographic separations was

4.6 mm i.d., 250 mm length and 5�m particle size C18
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he permeability of drug substances for classifying them
iopharmaceutical classification system (BCS)[10–12]. Fur-

her these markers are useful in monitoring the integrity
unctional status of the intestinal membrane and thus
e routinely used for accurate permeability characteriz

13].
Here we report a simple, selective, sensitive, reprodu

nd reliable RP-HPLC method with short run time of 14
or the routine quantitative analysis of quinidine and v
amil in perfusion samples in presence of permeability m
rs, hydrochlorthiazide (less permeable), frusemide
ermeable) and propranolol (highly permeable), routi
sed in permeability studies. This method utilizes isocr
ode with UV detection, which is more feasible and

ime-consuming than any other method of detection.
hough a number of methods are available for quanti
ion of quinidine in various biological matrices[14–16], the
niqueness of the present method is its ability to sim
eously quantify passive integrity markers. The propo
ethod was further used to elucidate the pH-dependent

ional activity of P-gp in limiting intestinal absorption
uinidine.

. Materials and methods

.1. Chemicals

Frusemide was obtained from Dr. Reddy’s Lab. (
erabad, India). Hydrochlorthiazide was received f
Symmetry , Waters, USA) attached to a guard column
18 (Waters, USA). The chromatographic separations
ccomplished using mobile phase consisting of acetate b
10 mM, adjusted to pH 5.0 with glacial acetic acid)
ethanol (40:60, v/v), filtered through 0.45�m filter (Milli-
ore) and deaerated in ultrasonic bath (Branson 3210)
ile phase was pumped in isocratic mode at a flow ra
.6 ml/min at ambient temperature. Samples of 20�l were
utomatically injected after filtration through 0.45�m filter
Millipore). Elution of quinidine, propranolol and verapam
as monitored at 230 nm and frusemide and hydrochlo
zide was monitored at 275 nm, using a dual wavelengt

ector.

.3.2. Preparation of standard solutions
Primary stock solutions of 2 mg/ml of all the five an

ytes in ultra pure water were prepared, individually,
ere diluted to obtain a common secondary stock solu
f 200�g/ml of each analyte. Aliquots of secondary st
olution of all the analytes were then diluted in blank in
erfusion samples to obtain calibration standards in the
entration range of 0.2–2.2�g/ml.

.4. Method validation

The chromatographic method was validated on three
erent days to determine various parameters viz. line
ensitivity, precision and accuracy for each analyte. The
bration curves and validation studies were performed
lank perfusion solution collected from in situ single-p
erfusion (see Section2.5). Interference in the presence
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any endogenous constituents of perfusion solution was as-
sessed by analysis of blank perfusion samples[17]. A six-
point calibration curve was constructed by spiking blank per-
fusion solution with appropriate volumes to obtain working
standards over the concentration range of 0.2–2.2�g/ml.

Linearity was measured from calibration curve prepared
form standard solutions (n= 5) containing a mixture of five
analytes in the selected range (0.2–2.2�g/ml for each ana-
lyte). The interpolation of areas obtained for each analyte in
the sample matrix in the calibration curve permitted quantifi-
cation. Precision (%R.S.D.) of the method was determined
by analyzing quality control (QC) samples of three different
concentrations within the calibration range. Accuracy of the
assay was shown as percentage relative error (%RE) and cal-
culated based on the difference between the calculated con-
centration and the spiked concentration. QC samples were
prepared in blank perfusion solution spiked with all analytes
at different concentrations (0.5, 1.5 and 2.0�m/ml) follow-
ing the same procedure as for calibration standards, using a
different primary stock. To assess intra- and inter-day varia-
tion, calibration standards and QC samples were prepared on
the same day (n= 5) and on three consequent days (n= 11)
and analyzed. Intra- and inter-day precision was depicted as
%R.S.D. while intra-day accuracy was depicted with %RE.
Limit of quantification (LOQ) was determined by serial di-
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gp inhibitor. Final concentrations used in the studies were
50�M, hydrochlorthiazide; 100�M, propranolol; 50�M,
frusemide and 10�M, quinidine.

A two-step perfusion procedure was followed to deter-
mine the permeability of compounds with and without P-
gp inhibitor [20]. This included sampling every 5 min for a
30 min perfusion period with perfusion solution containing
test compounds (quinidine, hydrochlorthiazide, frusemide
and propranolol) only, after 20 min equilibration, and then
switched over to perfusion solution containing both test com-
pounds and verapamil, and similarly sampling every 5 min for
30 min perfusion period after 20 min equilibriation. Perme-
ability was determined in four individual rats (n= 4). Equi-
librium of 20 min prior to sampling was found to be suffi-
cient to reach an initial steady-state. Water flux was quan-
tified by volume measurements[20,21]. Perfusion samples
were filtered through 0.45�m filters and were automatically
injected (20�l) without involving any sample preparation
procedures.

2.5.3. Data treatment and statistics
Permeabilities (without and with P-gp inhibitor) are cal-

culated after correcting the outlet concentration for water flux
on the basis of the ratio of volume of perfusion solution col-
lected and infused for each sampling point (5 min).
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ution of working standards, while the LOD was taken
ne-third of LOQ[18,19].

.5. In situ single-pass intestinal permeability and P-gp
nhibition studies

.5.1. Animals and legal prerequisites
Sprague–Dawley rats (270–350 g) were used to per

n situ single-pass perfusion. Anesthesia, surgical and p
ion procedures were justified in detail and were approve
he Institutional Animal Ethics Committee (IAEC, NIPER
he study complied with local and federal requirements
nimal studies.

.5.2. Methodology
The surgical procedure and the in situ single-pass

usion experiments were performed according to the m
ds described previously[20]. Rats were fasted for 16–18
tap water ad libidum) prior to study. Anaesthesia was
uced with an intraperitoneal injection of thiopental sod
50 mg/kg). To maintain normal body temperature rats w
laced on a heating pad (37◦C). The abdomen was open
ith a midline incision and a 10–12 cm jejunum segment

solated and cannulated at both ends with glass tubing
egment was rinsed with phosphate buffer saline (10 ml
he perfusion solution maintained at 37◦C was pumped at
ow rate of 0.1 ml/min using syringe pump (Harvard Ap
atus PHD 2000 pump, MA, USA). The perfusion solut
pH 4.5 and 7.4) consisted of NaCl 48 mM, KCl 5.4 m
a2HPO4 2.8 mM, NaH2PO4 4 mM andd-glucose 1 g/l; an
ontained drugs with or without verapamil (200�M) as P-
eff, control (or) Peff, inh = Q[(Cin/Cout) − 1]

2Πrl

hereQ is the flow rate,Cin and Cout the respective inle
nd outlet concentrations,r the radius of intestine (0.21 cm
ndl is the length of intestine measured after completio
erfusion[22,23].

Values were indicated as mean± S.D. for permeability
n four independent rats. Statistical difference between
ermeabilities of the drugs without and with P-gp inhib
as evaluated by one way ANOVA (SigmaStat version 2
PSS Inc., IL, USA) atP< 0.05 and <0.01.

. Results and discussion

.1. Chromatography and specificity

Representative chromatograms of blank and in situ p
ion samples containing the five drugs are shown inFig. 1.
nder the chromatographic conditions used for analysi

etention times of frusemide, hydrochlorthiazide, pro
olol, quinidine and verapamil were 5.8, 4.9, 8.9, 6.9
1.3 min, respectively. No other interfering peaks were
erved in the blank perfusion solution and the method
pecific to all the analytes at the corresponding wavele
230 or 275 nm). Although the interference from the bl
erfusate is negligible for hydrochlorthiazide and frusem
t 230 nm, chromatogram of these two drugs was moni
t 275 nm to provide high specificity (Fig. 1). The chromato
raphic run time was 14 min, which permitted the analys
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Table 1
Regression analysis of calibration curves for all drugs in the specified range of 0.2–2.2�g/mla

Retention time (min) Slope Intercept Correlation coefficient

Hct 4.9 289087 (±11519) −2474 (±21204) 0.9996 (±0.00003)
Fru 5.8 237993 (±2280) 1248 (±8620) 0.9996 (±0.0005)
Qui 6.9 415531 (±7169) −6558 (±7543) 0.9998 (±0.0001)
Ppn 8.9 562335 (±7524) −7408 (±8782) 0.9998 (±0.0001)
Ver 11.3 169128 (±5925) −7684 (±4235) 0.9995 (±0.0005)

a Six concentrations across the range were evenly distributed. Values represent mean (±S.D.) of five calibration curves.

a large number of samples in a short time. Thus the method
is simple and highly selective.

3.2. Validation

The chromatographic method was validated on three dif-
ferent days to determine the sensitivity, accuracy, and preci-
sion of the present HPLC method.

3.2.1. Range and linearity
The six point calibration curves that were constructed

for each assay batch were linear ranging between 0.2 and
2.2�g/ml with correlation coefficient (r) over 0.999 for all
standard curves (Table 1).

F usion
s Hct),
f
m
m
a
a
a

3.2.2. Accuracy and precision
Analysis of calibration and QC standards were used to as-

sess the accuracy (%RE) and precision (%R.S.D.). The data
is summarized inTables 2 and 3. Both intra- (n= 5) and inter-
day (n= 11) R.S.D. were less than 3% for QC standards over
the selected range for all drugs, except for hydrochlorthi-
azide, which is still within the acceptable limits (<4%). Fur-
ther calibration standards also showed acceptable accuracy
and precision (Tables 2 and 3). %RE for quinidine QC sam-
ples ranged from−2.45 to−0.92% and for verapamil it was
−1.36 to 2.18% while for rest of the drugs accuracy ranged
from −2.26 to 1.61%. Overall, data showed good accuracy
and precision of the method for each analyte.

3.2.3. Sensitivity
LOD and LOQ decide the sensitivity of the method. LOD

is defined as the lowest concentration of the analyte that the
analytical process can reliably differentiate from background
levels[18,24]. LOQ is defined as lowest concentration of the
standard curve that can be measured with acceptable accu-
racy, precision and variability. LOQ was assessed by serial
dilution to obtain the mean chromatographic response (peak
area) 10 times more than the SD of six independent determi-
nations and LOD was taken as one-third of LOQ.

T
I and
f

C
(

.

C

Q

ig. 1. Chromatograms of (a) blank in situ perfusion sample, (b) perf
ample containing all five analytes, that included hydrochlorthiazide (

rusemide (Fru), quinidine (Qui), propranolol (Ppn) and verapamil (Ver),
onitored at 275 nm and (c) perfusion samples containing all five analytes
onitored at 230 nm. The peaks are annotated with their respective names
nd retention times. Chromatograms were obtained from the blank sample
nd the sample containing Hct 50�M, Fru 50�M, Qui 100�M, Ppn 100�M
nd Ver 200�M, collected after in situ perfusion through rat intestine.

cates
f

d

able 2
ntra- and inter-day precision and accuracy of hydrochlorthiazide
rusemide estimations of the method monitored at 275 nm

oncentration
�g/ml)

Hct Fru

Intra-daya lnter-dayb Intra-daya Inter-dayb

%R.S.D. %RE %R.S.D. %R.S.D. %RE %R.S.D

alibration standards
0.2 5.21 4.27 4.57 0.51 −6.28 2.96
0.6 2.73 3.05 3.75 2.53 0.25 2.27
1.0 2.94 1.51 3.28 1.99 1.40 2.18
1.4 3.03 −0.74 2.64 2.33 1.97 2.47
1.8 2.86 −0.60 2.19 0.99 1.89 2.11
2.2 2.99 0.45 2.78 2.88 −0.94 2.14

uality control samples
0.5 1.44 1.61 2.19 2.11 1.19 1.69
1.5 1.76 −1.99 2.67 2.16 0.89 1.82
2.0 2.56 −0.26 3.64 0.42 0.95 0.84
a Intra-day accuracy and precision was determined with five repli

or each concentration.
b lnter-day precision was determined with eleven replicates (day 1,n= 5;

ay 2,n= 3; day 3,n= 3) for each concentration.
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Table 3
Intra- and inter-day precision and accuracy of quinidine, propranolol and verapamil estimations of the method monitored at 230 nm

Cone (�g/ml) Qui Ppn Ver

Intra-daya lnter-dayb Intra-daya lnter-dayb Intra-daya lnter-dayb

%R.S.D. %RE %R.S.D. %R.S.D. %RE %R.S.D. %R.S.D. %RE %R.S.D.

Calibration standards
0.2 1.08 −3.17 4.62 2.08 −2.42 4.73 4.25 −4.45 6.81
0.6 1.48 0.76 2.96 1.30 1.78 2.02 3.12 0.00 3.25
1.0 2.21 −0.52 1.83 3.44 −0.14 2.58 2.38 2.50 3.78
1.4 2.81 1.38 2.08 1.71 0.54 1.96 2.78 −1.67 3.43
1.8 2.27 −0.53 1.62 0.79 −0.61 1.92 0.63 0.91 1.06
2.2 3.11 −0.13 2.60 0.84 0.12 1.37 2.58 −0.41 1.76

Quality control samples
0.5 1.20 −1.51 2.49 2.31 −1.36 2.15 2.70 −1.36 2.65
1.5 0.36 −2.45 2.84 1.34 −2.66 1.48 1.29 −0.21 2.15
2.0 0.87 −0.92 2.69 2.55 −0.37 2.09 0.74 2.18 1.66
a Intra-day accuracy and precision was determined with five replicates for each concentration.
b Inter-day precision was determined with eleven replicates (day 1,n= 5; day 2,n= 3; day 3,n= 3) for each concentration.

The LOD and LOQ for quinidine, verapamil and hy-
drochlorthiazide were 8.3 and 25 ng/ml, respectively, while
for frusemide and propranolol LOD and LOQ are 16.6 and
50 ng/ml, respectively. Thus, the method shows high sensi-
tivity with the added advantage of no complex sample prepa-
ration procedures.

3.3. Application of the method to determine
pH-dependent P-gp-mediated efflux

Intestinal permeability was determined in rat jejunum us-
ing in situ single-pass perfusion technique and the sam-
ples were analyzed by the proposed method. The per-
meability (Peff,control) of quinidine was found to be 0.23
(±0.03)× 10−4 cm/s, at pH 7.4 (Fig. 2), while hydrochlor-
thiazide, frusemide and propranolol showed permeabilities
0.023 (±0.004)× 10−4 cm/s, 0.069 (±0.054)× 10−4 cm/s
and 0.48 (±0.035)× 10−4 cm/s, respectively. Based on per-
meability data, quinidine and propranolol can be classified
into high permeability class drug as per BCS[25,26]. In-
hibition of P-gp by verapamil (200�M) significantly in-

F ide
( nce of
P f Ver
p
f t
d ntrol)
a t
d

creased the permeability (Peff,inh) of quinidine (P< 0.05)
while no change in the permeability was found for hy-
drochlorothiazide, frusemide and propranolol, indicating P-
gp-mediated efflux of quinidine. In the present case, hy-
drochlorothiazide, propranolol and frusemide were used as
permeability markers so as to check the integrity of the in-
testinal membrane on different occasions and to obtain ac-
curate permeability data for quinidine and verapamil un-
der different conditions (viz. presence and absence of P-
gp-mediated efflux and to study the effect of quinidine per-
meability in the presence of other drugs or P-gp modula-
tors).

ThePeff,control of weak bases, quinidine and propranolol,
increased by 3.61- and 1.72-folds when the pH of perfusion
solution was changed from pH 4.5 to 7.4 (Fig. 2). How-
ever, no difference in permeability of hydrochlorthiazide and
frusemide (weak acids) was observed with change in lu-
minal pH. Inhibition of P-gp-mediated efflux by verapamil
(200�M) increased the permeability (Peff,inh) of quinidine
at both pH, however, the difference betweenPeff,control and
Peff,inh was found to be more at pH 4.5. The proposed HPLC
method also was able to quantify verapamil, which showed
pH-dependent permeability (Fig. 2). However, the data rep-
resents verapamil permeability in the presence of quinidine
(100�M), where P-gp-mediated efflux is partially or com-
p

the
i r-
m
t
o
e by
v 8
a rt of
q 4.5,
w p at
p

ig. 2. Intestinal permeability of hydrodrochlorthiazide (Hct), frusem
Fru), quinidine (Qui) and propranolol (Ppn) in the absence and prese
-gp modulator, verapamil (Ver). The method allowed the estimation o
ermeability in the same set of experiments. Values are the mean± S.D. of

our independent experiments.* P< 0.05,** P< 0.01; statistically significan
ifference from permeability in the presence P-gp-mediated efflux (co
t same pH (one-way ANOVA).#P< 0.05,##P< 0.01; statistically significan
ifference from permeability at pH 4.5 (one-way ANOVA).
letely inhibited[27].
To evaluate the quantitative functional role of P-gp,

ntestinal efflux inhibition ratio (EIR), i.e. the ratio of pe
eability due to P-gp-mediated efflux activity (PP-gp) and

he passive permeability (PPD), was calculated.PP-gp was
btained by subtractingPeff,control from Peff,inh while PPD is
qual toPeff,inh [28]. Assuming complete P-gp inhibition
erapamil (200�M), EIR for quinidine was found to be 0.6
nd 0.35, indicating that about 68% of passive transpo
uinidine is attenuated by P-gp-mediated efflux, at pH
hile only 35 of passive transport is attenuated by P-g
H 7.4.
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The pH-dependent permeability of quinidine, propranolol
and verapamil support the pH partition theory[29]. This the-
ory states that the fraction of unionized species of a basic
drug, which drives the passive transmembrane transport, in-
creases from pH 4.5 to 7.4. The pH-dependent passive per-
meability of weak bases has also been observed in the in situ
perfusion rat intestine[30]. Different permeability patterns
of protic drugs at different luminal pH may be observed be-
cause of the difference in lipophilicity of ionized and union-
ized species. The composition of enterocvtic membrane fa-
vors the uptake and transit of drug molecules with appropriate
lipophilicity [31]. However there are a number of exceptions
for the general belief that only uncharged species can cross
membranes. A formal electrical charge in ionization state
can be highly delocalized and therefore be less of an im-
pediment to membrane partitioning, especially when logD
is sufficiently high[32].

The observed significant difference in permeability of
weak bases propranolol (pKa 9.5), verapamil (pKa 6.5) and
quinidine (pKa 4.2, 7.9) at pH 4.5 and 7.4 is thus attributed to
the degree of ionization of these drugs at the luminal pH. Con-
verse to basic drugs, acidic drug hydrochlorthiazide showed
decrease in permeability when the luminal pH was changed
from pH 4.5 to 7.4. The low passive transport rate of quinidine
at pH 4.5 is attributable for more passive transport attenua-
t ted
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4. Conclusion

The proposed RP-HPLC method is simple, sensitive, reli-
able, and provides satisfactory accuracy, precision with lower
quantification limit and short retention times for the deter-
mination of quinidine and verapamil from in situ intestinal
permeability samples with an additional advantage of simul-
taneous quantification of US FDA suggested permeability
markers. This technique eliminated any endogenous interfer-
ence from biological matrix, and permitted analysis involving
no sample preparation procedures. Hence this method can be
easily and conveniently adopted for routine quantification in
permeability studies. Based on the sensitivity results (LOQ),
it may be concluded that this method will be useful for perme-
ability estimations using in vitro everted sac, intestinal sec-
tions (Ussing chambers) and cell cultured monolayer models.
The advantage of the developed method lies in the simulta-
neous determination of passive permeability markers (hy-
drochlorthiazide, frusemide and propranolol) routinely em-
ployed in permeability studies. Overall, this methodology
provides a simple quantification and can be useful for un-
derstanding functional role of P-gp-mediated efflux in the
intestinal drug absorption.

Degree of ionization of protic drugs changes as a func-
tion of luminal pH which ultimately influences the passive
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