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Curcumin a poly-phenolic compound possesses diverse pharmacologic activities; however, its develop-
ment as a drug has been severely impeded by extremely poor oral bioavailability. Poor aqueous solubility
and extensive metabolism have been implicated for this but the role of membrane permeability has not
been investigated. In the present study, permeability of curcumin was assessed using the Caco-2 cell line.
Curcumin was poorly permeable with a P,,, (A — B) value of 2.93 +0.94 x 10 % cm/s. Py, value in

Keywords: (B — A) study was found out to be 2.55 +0.02 x 10~® cm/s, thus ruling out the role of efflux pathways
gszzgn ;2]15 in poor oral bioavailability of curcumin. Studies using verapamil, a P-gp inhibitor, further confirmed this
Efflux finding. Detailed mass balance studies showed loss of curcumin during transport. Further experiments
Permeability using lysed cells revealed that 11.78% of curcumin was metabolized during transport. Studies using itr-
Metabolism aconazole, a CYP3A4 inhibitor, established its role in curcumin metabolism. Curcumin was also found to

accumulate in cells as revealed by CLSM studies. Sorption and desorption kinetic studies further con-
firmed accumulation of curcumin inside the cells. Amount accumulated was quantitated by HPLC and
found to be >20%. Thus, intestinal first-pass metabolism and intracellular accumulation played a role
in poor permeability of curcumin. Based on its poor aqueous solubility and intestinal permeability, cur-
cumin can be classified as a BCS Class IV molecule. This information can facilitate designing of drug deliv-

Accumulation

ery systems for enhancement of oral bioavailability of curcumin.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Curcumin (CRM) also known as diferuloylmethane or curcumin
I (CRM 1) is the poly-phenolic compound obtained from the dried
rhizomes of the dietary spice turmeric, i.e., Curcuma longa. Tur-
meric has been used in traditional Asian medicine like Ayurveda
since time immemorial. CRM is regarded as the most active con-
stituent of turmeric [1]. It was first characterized in 1910 by Lampe
and Milobedzka [2] and is currently undergoing various stages of
clinical trials for the treatment of numerous health disorders [3].

The above factors have triggered efforts to transform the ‘CRM
molecule’ into a ‘medicine’. Although the oral route of delivery is
mostly preferred because of its safety, convenience and economy,
CRM is a challenging molecule for this delivery route. A number
of studies have been carried out to assess the bioavailability and
pharmacokinetic properties of CRM in rodents [4] and humans [5].

Numerous challenges like poor aqueous solubility [6] and
extensive metabolism lead to its poor systemic bioavailability.
CRM has been found to have very poor absorption due to its poor

* Corresponding author. Department of Pharmaceutics, National Institute of
Pharmaceutical Education and Research (NIPER), S.A.S. Nagar, Mohali, Punjab 160
062, India. Tel.: +91 172 2214682 2126; fax: +91 172 2214692.

E-mail address: akbansal@niper.ac.in (A.K. Bansal).

0939-6411/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejpb.2010.12.006

aqueous solubility [7]. In clinical studies in healthy human volun-
teers, even after a dose of up to 4 g per day, negligible CRM levels
were achieved in the plasma [8]. Oral administration of CRM in 12
patients with hepatic metastases showed that CRM was poorly
available with extremely low levels of the parent compound pres-
ent in the peripheral or portal circulation [9]. CRM undergoes
extensive metabolic biotransformation during absorption via the
gut and is subjected to a very high first-pass metabolism and pos-
sibly to enterohepatic recirculation [10-12]. Besides this, it has
also been documented that CRM undergoes degradation in aque-
ous solution and at neutral and alkaline pH [13,14].

Aqueous solubility and intestinal permeability play a critical
role in oral bioavailability of a compound. Suresh et al. assessed
the absorption of CRM using the everted gut sac technique; how-
ever, the apparent permeability coefficient of the compound was
not reported [15]. Moreover, the effect of pH was not assessed in
the experiment, considering the stability of CRM at various pH con-
ditions. Knowledge of the permeability value of CRM will facilitate
classification of the compound according to the Biopharmaceutics
Classification System (BCS).

The aim of the present work was to study the membrane per-
meability of CRM. Studies were conducted using the Caco-2 cell
line which is a US FDA recommended method for determining
the permeability of compounds [16].
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2. Materials and methods
2.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), hank’s balanced
salts solutions (HBSS), lucifer yellow (LY), 1o, 25-(OH), vitamin
D3 and dimethyl sulfoxide (DMSO) were obtained from Sigma-Al-
drich (Missouri, USA). Fetal bovine serum (FBS), heat inactivated,
non-essential amino acids (NEAA) and trypsin-ethylenediamine
tetra acetic acid (trypsin-EDTA) solutions were purchased from
GIBCO, Invitrogen Corporation (New York, USA). Penicillin-Strep-
tomycin-Amphotericin solution, 2-[4-(2-hydroxyethyl)-1-piperaz-
inyl] ethanesulphonic acid (HEPES), 2-(N-morpholino)
ethanesulphonic acid (MES), phosphate-buffered saline (PBS), 3-
[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide
(MTT), sodium chloride and CRM were acquired from Himedia Lab-
oratories Pvt. Ltd. (Mumbai, India). HPLC grade acetonitrile and
methanol were obtained from ]J.T. Baker (Mexico City, MexXico)
and tetrahydrofuran from Fischer Scientific (New Jersey, USA).
Antipyrine (ANT) was purchased from Sigma-Aldrich (Missouri,
USA), Furosemide (FSD), itraconazole and verapamil were a gift
from IPCA Laboratories (Mumbai, India), Medicorp Technologies
India Ltd. (Secunderabad, India) and Nicholas Piramal India Ltd.
(Mumbai, India), respectively. Tris-HCl and ferrous sulfate were
obtained from Loba Chemie Pvt. Ltd. (Mumbai, India). Citric acid
monohydrate and zinc sulfate were purchased from Merck
(Darmstadt, Germany) and absolute ethanol from Hong Yang
Chemical Co. Ltd. (Jiangsu, China). Milli-Q grade water purified
by a Milli-Q UV Purification System (Millipore, Massachusetts,
USA) was used.

2.2. Methods

2.2.1. Cell culture

The Caco-2 cell line was obtained from American Type Culture
Collection (ATCC, Virginia, USA) at passage no. 18. Cells were
grown in DMEM supplemented with 15% of FBS, 1% Penicillin-
Streptomycin-Amphotericin solution and 1% NEAA solution. Cells
were cultured in T-75-cm? tissue culture flasks obtained from Cell-
star®, Greiner Bio-One (Frickenhausen, Germany). The cell cultures
were maintained at 37 °C in a CO, incubator, water jacketed with
HEPA Class 100 (Forma Series II, Thermo electron Corporation,
Ohio, USA). The incubator has an atmosphere of 95% air/5% CO,
and 95% humidity. The cells became 80-85% confluent in 4-7 days
after which they were harvested with trypsin-EDTA prior to seed-
ing. The cells were grown on polycarbonate filters of 0.4 pm pore
size (Millicell® 24-well Cell culture plate, Millipore, Massachusetts,
USA) at a seeding density of 75,000 cells per well for 21-22 days to
achieve a consistent monolayer. The growth media was changed,
and the transepithelial electrical resistance (TEER) value was mea-
sured every alternate day. Cells from passage number 37-70 were
used for the experiments.

2.2.2. 1a, 25-(0H), vitamin D3 treatment of Caco-2 cell monolayer

The Caco-2 cells were seeded on 24-well plates and grown for
10 days with supplemented DMEM mentioned in the previous sec-
tion. After 10 days, the medium was additionally supplemented
with zinc sulfate (3 nM), ferrous sulfate (5 nM) and 1a, 25-(OH),
vitamin D3 (250 nM) [17]. The concentration of FBS was reduced
to 5%, and the cells were maintained for another three weeks prior
to the transport experiments.

2.2.3. MTT cytotoxicity assay

The cells were harvested and seeded in 96-well plates at a seed-
ing density of 2 x 10 cells per well. CRM solutions were prepared
at a concentration range of 25-300 uM and incubated for 2 and

24 h (h). Methanol without curcumin was used as a control. Ten
microliter of MTT solution (5 mg/mL in PBS) was then added to
each well and incubated for 4-5h (37 °C, 5% CO,) to allow MTT
to be metabolized. The media was removed, and formazan (meta-
bolic product of MTT) was re-suspended in 100 pL of DMSO and
incubated for 1 h to enable thorough mixing of formazan into the
solvent. Optical density was read at 560 nm using ELISA Plate
Reader (Bio-Tek Instruments, Inc., Vermont, USA), and background
was subtracted at 670 nm. The percent cell viability was measured
from Eq. (1):
Signal-background

Cell viability (%) = Blank-background x 100. (1)

2.2.4. Stability study in HBSS

The test was carried out by keeping the CRM solution in HBSS at
four different pH values (5.5, 6.0, 6.5 and 7.4) in a shaker bath at
37 °C, 60 rpm and analyzing it after 1, 2 and 3 h. For pH 6.5, sam-
ples were also analyzed at 15, 30, 45, 60, 90 and 120 min. The con-
centration of CRM used was 170 pM. The stability test was also
carried out in presence of lysed cells in order to assess the effect
of intracellular enzymes on CRM degradation.

2.2.5. Permeability experiments

An initial stock solution of CRM in methanol was prepared. The
stock solution was then diluted with HBSS to achieve a working
concentration of 170 pM. The final concentration of methanol
was 4% which is below 5% [18]. Some approaches to increase the
solubility of CRM such as heat and alkali solubilization of CRM
were carried out by Kurien et al. There was no heat disintegration
of CRM, and the pharmacological activity of CRM was retained.
Such systems can also be used to assess the permeability value
of CRM [19,20].

Permeability experiments were performed in a shaker incuba-
tor (SW 23, Julabo, Seelbach, Germany) maintained at 37 °C and
60 rpm. Cells from passage number 37-50 were used for these
experiments. The transepithelial electrical resistance (TEER) value
was measured with a Millipore ERS voltameter (Millipore, Massa-
chusetts, USA) in order to evaluate and determine the monolayer
integrity. The TEER value was measured from the following Eq. (2):

TEER = (Rmonolayer - Rblank) X A (2)

where Rmonolayer 1S the resistance of the cell monolayer along with
the filter membrane, Ryjank is the resistance of the filter membrane
and A is the surface area of the membrane (0.7 cm? in 24-well
plates).

Prior to the permeability assay, the cell monolayer was washed
twice with PBS (pH 7.4) to remove traces of DMEM. After washing,
the plates were incubated with transport buffer (HBSS) for 60 min
at 37 °C in CO; incubator and the TEER value of the monolayer was
measured. The transport buffer was then removed gently by aspi-
ration. For apical to basolateral transport studies (A — B), 400 pL of
the drug solution of CRM (170 uM) as well as the markers (ANT
and FSD, 100 uM each) in HBSS was added to apical (A) side and
800 pL of the blank transport buffer was added to the basolateral
(B) side. The basolateral to apical transport studies (B — A) were
also carried out by adding CRM solution to the receiver compart-
ment (B) followed by measuring concentration in the donor com-
partment (A). The permeability studies for pure CRM were
conducted at pH 6.5 (A) and 7.4 (B) as well as in the presence of
verapamil (100 uM) which is a P-gp inhibitor. Transport studies
were also conducted on 1a, 25-(OH), vitamin Ds-treated cell mon-
olayers using itraconazole (100 M) as a CYP 3A4 inhibitor. A sam-
ple volume of 700 puL was withdrawn from the respective
compartment (basolateral side) at 15, 30, 45, 60, 90, and
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120 min, and the volume withdrawn was replaced with blank
transport buffer each time. The apparent permeability coefficients,
Papp (cm/s), for both A — B and B — A studies were calculated from
the following Eq. (3):

Papp = (dQ/dt)/(Co - A) (3)

where dQ/dt is the cumulative transport rate (LM/min) defined as
the slope obtained by linear regression of cumulative transported
amount as a function of time (min), A is the surface area of the fil-
ters or inserts (0.7 cm? in 24-wells), Cy is the initial concentration of
the compounds on the donor side (pLM).

The concentration of the transported drug was measured from
A - B and B - A, ie., Pypp (AB) and P,p, (BA), respectively, and
the efflux ratio (ER) was calculated from the following Eq. (4):

ER = Papy(AB)/Papp(BA) @)

2.2.6. Monolayer integrity test

At the end of the experiment, the monolayer integrity test was
done by analyzing the concentration of LY in the apical and baso-
lateral compartments. An initial stock solution of LY (50 mM)
was prepared and diluted to 100 M working solution. Four hun-
dred microliter of the 100 M working solution of LY was added
to the apical side of Caco-2 cell monolayer (in the wells in which
drug transport study was performed), and 800 pL of HBSS buffer
(pH 7.4) was added to the basolateral side. The plate was then kept
in a shaker incubator at 37 °C and 60 rpm. After 120 min, 700 pL
and 300 pL of the samples were withdrawn from the basolateral
side and apical side, respectively. The samples were analyzed by
fluorescence spectroscopy at an excitation wavelength (Jex) of
485 nm and emission wavelength (ler) of 535 nm using a Spectro-
fluorophotometer (RF-5301-PC, Shimadzu, Kyoto, Japan).

2.2.7. HPLC analysis

The CRM samples from the receiver compartment were ana-
lyzed using a reversed-phase Shimadzu HPLC system (Kyoto, Ja-
pan) equipped with a model series SPD-M20A photodiode array
detector a gradient elution pump with degassing device DGU-
20As, a cooling autosampler SIL-20AC, a column heater/cooler
CTO-10A VP and a system controller CBM-20A. Separations were
performed by isocratic elution at 35°C using a Cl18
(250 mm x 4.6 mm, 5 pm) stationary phase. Data were acquired
via Class VP data acquisition software, version 6.12 SP1. Mobile
phases used constituted of acetonitrile: tetrahydrofuran (4:1) as
the organic phase and 1% w/v citric acid monohydrate (pH 3.0)
as the aqueous phase. The mobile phase (65% organic and 35%
aqueous) was pumped isocratically at 1 mL/min. The elution time
was 3.5 min, and the detection wavelength was 435 nm.

For ANT and FSD, the mobile phase used consisted of acetoni-
trile: methanol: ultra pure water (Elgameter-TCM-1, Reservoir-40
L, Reverse osmosis unit Prima, Elga, Buckinghamshire, England) ad-
justed to pH 3.0 with o-phosphoric acid in a ratio of 24:24:52. Both
drugs were quantified simultaneously, and the retention time for
ANT and FSD was 3.4 min and 5.1 min, respectively.

2.2.8. Confocal microscopy

Determination of localization of CRM in cells was carried out by
the confocal laser scanning microscopy (Olympus Fluoview 1000,
Olympus, Tokyo, Japan). Slides for analysis were prepared by fixing
the CRM-loaded cells on slides and sealing the sample with cover
slip. The fluorescence of CRM was detected at an emission range
of 420-480 nm with the maximum florescence being at 458 nm.
The fluorescence with time was also studied. This was achieved
by loading the cells with the same amount of stock solution and
analyzing the samples at 15, 30, 45, 60, 90 and 120 min.

2.2.9. Absorption and desorption studies

The cell suspension containing the Caco-2 cells was taken at a
cell density of 75,000 cells/400 pL. To it, CRM solution (170 uM)
was added and incubated for different time intervals. The cell sus-
pension containing CRM was then centrifuged at 5500 G for 6 min,
and supernatant was removed. The pellet was washed with PBS,
and lysis solution was added. CRM accumulated in the cells was
extracted with methanol and analyzed by HPLC. The experiment
was done on cells of different passages (48 and 54) on different
days. For desorption studies, CRM-loaded cells after an incubation
period of 120 min were centrifuged. The pellet was washed and re-
suspended in PBS. At specific time intervals, the cell suspension
was again centrifuged and supernatant was withdrawn and ana-
lyzed by HPLC.

2.2.10. Statistical analysis

Statistical significance for P,,, values was compared using the
paired t-test assuming equal variances (SigmaStat version 3.5,
San Jose, California, USA). The test was considered to be statisti-
cally significant if P < 0.05.

3. Results
3.1. Cytotoxicity test of CRM

Viability of cells was directly measured using the MTT test to
evaluate the cytotoxicity of CRM on Caco-2 cells. MTT is a yellow
tetrazolium salt that is oxidized by the mitochondrial dehydroge-
nase in living cells to give a dark blue formazan product. Damaged
or dead cells show reduced or no dehydrogenase activity. Cell via-
bility value of less than 50% indicates reduced mitochondrial activ-
ity. A higher cell viability of >80% ensured that the CRM
concentrations were non-toxic to the cells. The cytotoxic concen-
tration at 50% cell viability or CCso value was observed at
265 UM as shown (Fig. 1). The proposed working concentration
of 170 uM displayed approximately 80.8% cell viability after 24-h
incubation. After 2-h incubation, however, concentrations up to
180 uM did not have any effect on the cells.

3.2. Evaluation of Caco-2 cell monolayer

The permeability of CRM was determined using the Caco-2 cell
model. The TEER values measured were employed as an integrity
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Fig. 1. Cytotoxicity results of CRM at different concentrations in Caco-2 cells using
the MTT Assay. Incubation was done for CRM at 2 h (A), 24 h () and for control
samples at 2 h (x) and 24 h (#). Values are represented as % cell viability + SD for
CRM at 2-h incubation (n =4) and at 24-h incubation (n = 8).
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evaluator of the monolayer formed. The TEER values for all wells
were above 300 Q cm? (n=72).

The apparent permeability coefficient values were determined
for the permeability markers FSD and ANT. FSD is a poorly perme-
able drug and showed a P,p, value of 4.21 x 107°+0.07 x 107® cm/
s, whereas ANT which is a highly permeable drug showed a P, va-
lue of 7.64 x 107>+ 0.7 x 107> cm/s.

3.3. Stability of CRM in HBSS

The stability of CRM in HBSS was studied and expressed as the
percentage of CRM remaining with time after incubation at 37 °C
for 3 h. The stability of CRM was highest at pH 5.5 with 59.63%
CRM remaining after 3 h (Fig. 2). The% CRM remaining decreased
rapidly in the first two hours for all four pH conditions. Stability
data indicated highest degradation of CRM at pH value of 7.4 which
is commonly employed for the transport experiments.

3.4. Permeability studies

The Caco-2 cell model was used for studying the permeability of
CRM. The permeability studies were carried out in a shaker bath kept
at 60 rpm to prevent the influence of unstirred water layer [21]. The
pH values for the apical side and basolateral side were 6.5 and 7.4,
respectively. This was done keeping in mind the instability of CRM
at pH 7.4 when compared to lower pH values. Furthermore, this con-
dition has been optimized for Caco-2 transport studies [22]. The P,y
values of the samples from A — B and B — A as well as in the pres-
ence of verapamil are shown (Fig. 3). CRM at pH 6.5 (A — B) showed
the highest P, value of 2.93 x 107+ 0.94 x 107° cm/s.

Contribution of active transport was investigated by performing
the transport studies in the reverse direction, i.e., B — A. P,pp val-
ues for the samples from A — B were significantly higher than
the values obtained from B — A studies (P < 0.05). The efflux ratio
was calculated as 0.967 +0.30. CRM did not show significant
change (P> 0.01) in permeability in the presence of verapamil, a
P-gp efflux inhibitor.

The monolayer integrity for permeability studies was confirmed
by the transport of LY at the end of the experiment. The amount of
LY that permeated was less than 2% after 6 h.

The recovery of the amount in the donor and receiver compart-
ment was calculated at the end of the experiment and was ex-
pressed as a percentage of the amount added to the donor side
at time zero (tp). The recovery was calculated as follows:

%Recovery = [(Cr120min - V& + Cp,120min - V)/(Cp,omin - V)]

x 100 (5)
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Fig. 2. Degradation of CRM in HBSS buffer at pH conditions 5.5 (O), 6.0 (A), 6.5 ()
and 7.4 (O). Results are expressed as mean% CRM remaining with time + SD (n = 3).
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Fig. 3. Permeation studies of CRM (170 uM) showed the values of P,,, + SD (n = 4).
1 represents CRM at 6.5 respectively (A — B), 2 represents CRM at pH 6.5 (B — A)
and 3 represents CRM with verapamil at pH 6.5 (A — B).

where Cgi20min and Cp120omin Deing the concentration measured
after 120 min in the receiver and donor compartment, respectively.
The% recovery of CRM at the end of the experiments was found to
be 33.98 £4.21 at pH 6.5 (B — A) as given (Table 1).

The pH-dependent degradation of CRM in HBSS buffer has been
shown in the preceding section. Another study was conducted to
measure the percent of CRM degrading at the time points used
for the transport experiments, i.e., at 15-min interval. The percent
degradation with time was applied as a correction factor to assess
the permeated and recovered amount of CRM concentration with-
out the influence of degradation. This study aided in roughly esti-
mating the permeability of CRM in the absence of its degradation.
The P, value obtained after considering the degradation of CRM
in HBSS was 3.15 x 107+ 1.08 x 107® cm/s. The %recovery * SD
was calculated as 52.05 * 6.44, and CRM loss was approximately
46%.

Incubation of CRM at pH 6.5 in presence of lysed cells displayed
the combined effect of chemical stability and metabolism on CRM.
Behavior of CRM at pH 6.5 with and without lysed cells is shown
(Fig. 4). Approximately 12% more of CRM was lost in presence of
lysed cells after 2 h of incubation.

3.5. Transport experiments in Caco-2 cell monolayer with CYP 3A4
expression

Transport studies on 1a, 25-(OH), vitamin Ds-treated cell mon-
olayers were compared with untreated cell monolayers (Fig. 5).
CRM exposed to the treated cell monolayer showed the lowest P,y
value of 1.93 x 107% £0.05 x 10~ cm/s. In presence of itraconaz-
ole, which is a CYP 3A4 inhibitor, and verapamil, a P-gp and
CYP3A4 inhibitor, the P,, value for CRM increased to
3.52 x 107%+£0.46 x 10~ cm/s.

3.6. CLSM microscopy and image analysis

Retention of CRM in cells was studied using CLSM. CRM at dif-
ferent concentrations showed different intensity of fluorescence

Table 1
Recovery of CRM at the end of the permeability experiments.

S. no. CRM % Recovery = SD
1 At pH 6.5 (A > B) 33.98 £4.21

At pH 6.5 (B — A) 52.73+2.98
3 At pH 6.5 with Verapamil 46.65+5.23
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Fig. 4. The% CRM remaining with time at pH 6.5 ((J) and at pH 6.5 in presence of
lysed cells (x).
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Fig. 5. P, values for (1) CRM on untreated cell monolayer, (2) CRM with
itraconazole on untreated cell monolayer, (3) CRM on 1o, 25-(OH), vitamin Ds-
treated cell monolayer, (4) CRM with itraconazole on 1a, 25-(0H), vitamin Ds-
treated cell monolayer, (5) CRM with itraconazole and verapamil on 1a, 25-(OH),
vitamin D3 (n=3).

P, x 10 cm/s

after a 2-h incubation period (Fig. 6). The fluorescence intensity in-
creased with time of exposure, indicating that the accumulation of
CRM in the cells is also time dependent (Fig. 7).

3.7. Absorption and desorption studies

CLSM images qualitatively confirmed accumulation of CRM
within the cells. Further quantitative assessment of absorption
and desorption kinetics was carried out. The experiment was done
at pH 3 to avoid any interference of degradation and at pH 6.5 to
simulate the conditions of the transport experiments. More than
22% of CRM accumulated inside the cells after 2-h incubation at
pH 6.5 (Table 2). The amount that was desorbed after 2 h was
9.93%. To assess the inter-day variation and the effect of passage
number of cells, the experiment was performed in cells of two dif-
ferent passages on different days and the standard variation as
taken.

The cumulative concentration of CRM with time for both
absorption and desorption studies was plotted as shown (Fig. 8).
It can be inferred from the graph that the rate of absorption of
CRM inside the cells was significantly higher than the desorption
rate. In both studies, irrespective of the pH, the absorption rates
were higher.

4. Discussion
4.1. MTT Assay and evaluation of Caco-2 cell monolayer

The purpose of the MTT assay was to choose a concentration
that would have no effect on cell viability during the course of
the 2-h experimentation, the working concentration of 170 uM
was evaluated to be safe, and this concentration was used for fur-
ther studies. Moreover, after 24-h incubation, this concentration
displayed cell viability above 80%. Previous reports also indicated
that CRM at 30 uM concentration showed no cytotoxicity after
72-h incubation [23].

Monolayer integrity was controlled by ensuring a TEER value of
>300 Q cm?. This assured that the Caco-2 cells had formed a proper
monolayer with efficient tight junctions that allowed the passage
of the compounds by the transcellular route. Another validation
for monolayer formation was done by performing the permeability
experiments for the two permeability markers ANT and FSD [16].
The P, values of these compounds were comparable to the values
already established in literature [22,24,25]. This further confirmed
the validity of the protocol used for the monolayer formation.

4.2. Permeability studies

The Caco-2 permeability model system was used to determine
the permeability of CRM. Gradient condition was maintained dur-
ing the transport experiment. CRM displays three pKa values of
8.38 £ 0.04, 9.88 £ 0.02 and 10.51 + 0.01 [26]. Since all the pKa val-
ues are much higher than the experimental pH values used, the
ionization of CRM during the transport studies can be ruled out.
According to the Caco-2 cell assay, model drugs having experimen-
tal P,y values of 14.0 x 107 cm/s are highly permeable whereas
Papp values lesser than 5.0 x 107° cm/s are characteristic for low
permeability model drugs [18]. Based on these values, it can be
concluded that CRM is poorly permeable through the Caco-2 cell
monolayer. In a previous study involving the permeability of
CRM by the everted gut sac technique, insignificant transport and
modification of CRM during the studies were reported. We further
investigated the reasons for the low P,p;, value of CRM.

The results obtained showed that CRM exhibited a higher per-
meability value in the A — B direction when compared to B —» A
direction, indicating that CRM is not likely a substrate for active
transport. Additionally, transport in presence of verapamil, a
known P-gp inhibitor, gave similar P,,, values when compared to
CRM. These findings ruled out the possibility of efflux mechanism
by P-gp in transport of CRM. However, the Caco-2 cell line does not
express all the transporters and enzymes to a significant extent
[27]; therefore, the role of other active transporters cannot be ru-
led out.

Recovery of CRM was calculated at the end of the experiments.
Significant amount of CRM was lost during the experiments since
only a small concentration of CRM (<2 uM) permeated. Mass bal-
ance studies defined as the ratio of the cumulative amount of
CRM transported and remaining in the donor compartment, in
relation to the initial amount in the donor compartment, showed
that CRM had undergone drastic modifications during absorption.
Possible contributors could be degradation of CRM in HBSS buffer,
metabolism of CRM and accumulation of CRM in the cell wall. The
permeated and recovered amount of CRM concentration was as-
sessed without the influence of degradation. P,p;, did not alter sig-
nificantly, thus signifying that excess of CRM was either
metabolized or retained in cells. Caco-2 cells exhibit structural as
well as functional differentiation patterns that are characteristic
of human enterocytes. They express digestive enzymes like
peptidases and disaccharidases. The differentiated cells also
express xenobiotic-metabolizing enzymes including CYP 1A1,
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Fig. 6. Confocal micrographs (40x) of Caco-2 cells after incubation with CRM at different concentrations ranging from (a) Control (Caco-2 cells without CRM), (b) 25 pM, (c)
50 uM, (d) 100 pM, (e) 150 uM, (f) 170 uM, (g) 200 uM and (h) 256 pM. The left side shows fluorescence of CRM in laser beam and the right side shows phase-contrast
images. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Confocal micrographs (10x ) of Caco-2 cells after incubation with CRM (170 puM) at different time intervals ranging from (a) 15 min, (b) 30 min, (c) 45 min, (d) 60 min,
(e) 90 min, (f) 120 min, and (g) control cells. The left side shows fluorescence of CRM in laser beam and the right side shows phase-contrast images. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

UDP-glucuronosyltransferases, phenol-sulfotransferases and gluta-
thione-S-transferases [28]. Some of these enzymes may be respon-
sible for CRM metabolism. CRM is reportedly sulfated by human
phenol sulfotransferase isoenzymes SULT 1A1 and SULT 1A3 [10].
The incubation of CRM in presence of lysed cells at pH 6.5 exposed
the compound to chemical and enzymatic degradation simulta-
neously. Additional amount of CRM was lost in presence of lysed
cells. This established the role of metabolism in loss of CRM.

4.3. Transport experiments in Caco-2 cell monolayer with CYP 3A4
expression

The contribution of metabolism in CRM loss was investigated
further on Caco-2 cell monolayer to investigate the role of enzymes
such as CYP 3A4. Caco-2 cell monolayer is known to under-express
CYP P450 isoforms. Treatment of Caco-2 cells with 1a, 25-(0H),
vitamin Ds, beginning at confluence, results in an increase in CYP
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Table 2
Percentage of CRM that was absorbed and desorbed after 120 min (n = 6).

S.no.  Study % Accumulated + SD Average reaction rate
pH 3 pH 6.5 pH 3 pH 6.5

1 Absorption  31.36+1.05 22.57+2.83 0.50 0.33

2 Desorption  14.41+229 09.93+280 0.33 0.15

50 4

Cummulative CRM Concentration (uM)

0 20 40 60 80 100 120
Time (min)

Fig. 8. Cumulative concentration of CRM with time for both absorption (O) and
desorption (A) studies for pH 6.5.

3A4 mRNA expression with little effect on expression of other CYP
isoforms such as CYP 3A5 or CYP 3A7. This treatment also increases
NADPH cytochrome P450 reductase and P-gp [29,30]. The Papp, va-
lue of CRM in treated cell monolayer was least when compared to
P,pp values of control group and CRM in presence of itraconazole
and verapamil. These results supported our earlier evidence that
metabolism has an effect on transport of CRM during intestinal
absorption.

4.4. Absorption and desorption studies

Qualitative assessment of fluorescence intensity revealed that
CRM exhibited concentration-dependent retention in cells with
higher concentrations displaying greater fluorescence. The fluores-
cence intensity was also time dependent. Retention of CRM in cells
can be correlated to its lipophilicity, depicted by a high log P value
(3.29) [31]. The absorption and desorption kinetics of CRM in cells
was quantitated. Compared to alkaline pH, the rate of absorption
and desorption was higher in acidic conditions. For both pH condi-
tions (3 and 6.5), reactions followed first-order kinetics and were
concentration dependent up to the final time point used.

Accumulation of CRM within cells can explain the achievement
of therapeutic benefits of CRM even when detectable concentration
in blood plasma is not present. For instance, although CRM is not
absorbed efficiently, it has been employed in the treatment of colo-
rectal cancer since it is predominantly distributed in the colon [32].
It has also been proposed that CRM containing two electrophilic «,
B unsaturated ketones can bind covalently with the thiol (SH)
groups of cysteine residues of different proteins [33]. This particu-
lar reaction has been responsible for inducing the formation of
topo II-DNA complexes by CRM [34,35]. Another group demon-
strated that heat-solubilized CRM, which is solubility-enhanced
CRM, binds to proteins and inhibits antigen-antibody interactions
in in vitro studies [36]. This ability of CRM to bind to protein com-
ponents correlates well with our findings where in the concentra-
tion of CRM absorbed in cells is much higher than that which is
desorbed.

5. Conclusion

In the current study, we evaluated the permeability of CRM in
Caco-2 cell monolayers, a validated model that imparts informa-
tion on the absorption of drug compounds from the gut lumen.
CRM was found to be poorly permeable across the Caco-2 cell
monolayer. Coupled with literature reports of its poor aqueous sol-
ubility, these studies classified CRM as a BCS Class IV molecule. P-
gp efflux did not play any role in the permeability of CRM. The rea-
sons for the poor permeability of CRM were evaluated. The major
factors that hampered its transport across the Caco-2 cell model in-
cluded degradation in HBSS buffer, metabolism and accumulation
within the cells. The stability profile of CRM in HBSS showed that
approximately 52% of CRM remained after 2 h. Accumulation of
CRM in cells was another major cause behind the low concentra-
tion of CRM transported, with approximately 22% of CRM retaining
in cells. The amount of CRM that was desorbed back was relatively
lesser than the amount that was absorbed. The difference in con-
centration was probably due to metabolism of CRM in cells and
chemical degradation. Metabolism displayed a minor contribution
when compared to the other two factors. Identification of these
hurdles during the transport through the cell monolayer provides
insight in designing the oral dosage forms for CRM. The issues that
affect the CRM molecule such as stability, permeability and cell
accumulation need to be addressed when formulating CRM in oral
drug delivery systems.
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