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Physiological  changes  that  take  place  at  cellular  level  are  usually  reflective  of their level  of  gene  expres-
sion. Different  formulation  excipients  have  an  impact  on physiological  behavior  of  the  exposed  cells  and
in turn  affect  transporter  genes,  enterocyte-mediated  metabolism  and  toxicity  biomarkers.  The  aim of
this  study  was  to  prepare  solid  dispersion  of  paracetamol  and  evaluate  genetic  changes  that  occur  in
Caco-2  cell  lines  during  the  permeability  of  paracetamol  alone  and  paracetamol  solid  dispersion  formu-
lations.  Paracetamol–PEG  8000  solid  dispersion  was  prepared  by  melt  fusion  method  and  the  formulation
was  characterised  using  differential  scanning  calorimetry  (DSC),  scanning  electron  microscopy  (SEM)  and
Fourier  transform  infrared  spectroscopy  (FTIR).  Formulation  of solid  dispersion  resulted  in the conversion
of crystalline  drug  into  an  amorphous  form.  Permeability  studies  showed  that  paracetamol  absorption
olid dispersion

aco-2 cells
ermeability
icroarray

was higher  from  the  solid  dispersion  formulation.  DNA  microarrays  analysis  was  carried  out  in  order  to
investigate  the  involvement  of  any  efflux/uptake  transporters  in  paracetamol  or its solid  dispersion  per-
meability. Neither  transporter  carriers  nor  efflux  proteins  were  found  to  be  involved  in  the  absorption  of
paracetamol  or  its  PEG  solid  dispersion.  Gene  expression  analysis  established  that  paracetamol  toxicity
was  potentially  reduced  upon  formulation  into  solid  dispersion  when  ATP  binding  cassette  (ABC)  and

 (SLC
solute  carrier  transporter

. Introduction

Oral drug delivery is by far still the most popular route for the
dministration of drugs. The absorption of drugs from the gastro-
ntestinal tract relies on two crucial stages: drug solubilisation and
ermeability. Intestinal permeability of therapeutic agents is con-
idered as a prerequisite for oral bioavailability. Hence, assessing
nd improving drug transportation across intestinal membrane is
he key process in drug discovery and development. Various in vitro
echniques employed for this purpose include excised animal and
uman intestinal tissues and cell culture models such as Caco-2 cell

ines. The extensive application of Caco-2 cell lines, is primarily due
o its ability to exhibit many common features of human intestinal
ells such as microvillous structure, carrier mediated transporter
ystem and high enzyme activity (Artursson and Borchardt, 1997).

Interestingly, the majority of the physiological changes that take
lace at organism or cellular level are reflective on their level of

ene expression. Gene regulation (expression or suppression) at
ellular level varies under different conditions such as disease state,
rug metabolism, exposure to toxins and response to treatment.
he variations in gene regulation have led biologists to study and
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)  genes  were  analyzed.
© 2011 Elsevier B.V. All rights reserved.

build data bases of gene expression matrixes that would allow the
identification of the role of different genes during various cellular
processes, diseases and differentiation. Analysis of gene expression
at m-RNA levels was first discussed by Alwine et al. (1977) using
Northern blotting. Unfortunately, Northern blot analysis allows the
study of limited numbers of genes each time. In 1992 Liang and
Pardee developed differential displaying technology which suc-
ceeded in measuring multiple gene expression changes in parallel.
However, one of the major drawbacks for the technique was the
qualitative assessment of gene changes and screening was depen-
dent on the length of mRNA rather than its identity. All these
techniques were limited when large numbers of simultaneous gene
expression changes were required. The introduction of microar-
rays in 1995 has overcome these limitations and the sensitivity
and throughput of gene expression have improved significantly.
Microarrays allow the use of small amount of starting material and
the small size of the arrays improves the sensitivity and enables
the screening of vast number of genes simultaneously (Hal et al.,
2000). Information gained from microarray analysis aids in under-
standing the role of various transporter proteins, enterocyte based

metabolism and identification of various biomarkers.

The role of formulation excipients on drug dissolution and
permeability has drawn significant attention in the recent past.
Johnson et al. (2002) have demonstrated that polyethylene glycol
(PEG 400) and Pluronic P85 inhibited drug efflux and metabolism of

dx.doi.org/10.1016/j.ijpharm.2010.12.029
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:a.u.r.mohammed@aston.ac.uk
dx.doi.org/10.1016/j.ijpharm.2010.12.029
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igitoxin and verpamil respectively. Such effects were attributed to
he direct inhibitory effect on P-glycoprotein (P-gp) and the indirect
ffect of these compounds on buffer osmolarity, membrane fluid-
ty and mitochondrial toxicity which results in depleting adenosine
riphosphate (ATP). Similar studies were reported by other research
roups investigating the role of surfactants (Cornaire et al., 2004).
owever, the linear approach of concentrating research efforts on

he role of single/couple of genes to study excipient/formulation
nfluence can lead to loss of vital information such as their role in

etabolism of active ingredient, role of other potential gene targets
o improve drug absorption and the interconnected influence of dif-
erent genes. Microarrays provide a useful tool to study and develop

 holistic view of the various events occurring at cellular levels.
t enables to examine multiple aspects of drug delivery includ-
ng genes regulating drug absorption, metabolism and toxicity. The
urrent study investigates the genomic signature for paracetamol
s a model drug as its bioavailability is limited by permeability.
aracetamol (acetaminophen) is a weakly acidic drug with pKa

f 9.5 (Kalantzi et al., 2006). It is usually prescribed as an anal-
esic and anti-inflammatory for the treatment of moderate pain
nd fever. Permeability studies and gene regulation were studied
or paracetamol and its solid dispersion (using polyethylene glycol
000).

. Materials and methods

.1. Materials

Paracetamol, phosphate buffered saline (PBS) tablets, potassium
romide, ethylenediaminetetraacetic acid (EDTA), agarose, trypan
lue, albumin from bovine serum (BSA V), sodium citrate, sodium
hloride, formamide, sodium carbonate and sodium bicarbonate
ere purchased from Sigma–Aldrich, UK. Sodium hydroxide was
rovided by Anala R, UK. Polyethylene glycol 8000 (PEG 8000) was
btained from Fluka (Biochemika), UK.

Caco-2 cell line was purchased from American Type Culture
ollection (ATCC), UK. RNeasy Mini Kit (50) was provided by
iagen, UK. Millex-GV syringe filter and MilliPore Pronto back-
round reduction kit were provided by Corning, UK. Poly dA
1 �g/�L) and Human Cot1 DNA were purchased from Invitro-
en, UK. Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
erum (FBS), nonessential amino acids (NEAA) and Hank’s bal-
nced salt solution (HBSS) were purchased from Bio Sera, UK.
% Trypsin–EDTA, 1% penicillin–streptomycin supplemented with

 mM glutamine and RNase free water were purchased by Gibco
ab., UK.

.2. Analytical techniques

.2.1. Spectrophotometric analysis
Drug concentration was measured and determined in solu-

ion via spectrophotometric technique. Paracetamol (measured
mounts) was dissolved in phosphate buffered saline solution (pH
.4) and Unicam UV–visible spectrophotometer (200–400 nm)  was
sed to determine the wavelength for maximum absorption. A
tock solution of paracetamol was prepared at 30 �g/mL in PBS (pH
.4) to carryout calibration. The linearity of calibration curve was
btained in a concentration range from 2 �g/mL to 14 �g/mL and
nalyzed by UV spectroscopy at �max of 240 nm.

.2.2. Hyper differential scanning calorimetry (DSC)

Perkin-Elmer Diamond DSC with a thermal analyzer, equipped

ith Pyris software was employed to obtain Hyper DSC data.
–5 mg  samples were crimped and placed on the sample furnace
fter weighing into a non-hermetically sealed DSC sample pan. Heat
ow rate of 500 ◦C/min was used to heat the samples from 0 ◦C
armaceutics 417 (2011) 272– 279 273

to 300 ◦C. Helium was used as a purge gas. In order to derive the
melting points of each peak onset temperature was measured. For
reference an empty pan was crimped. All the measurements were
performed in triplicate.

2.2.3. Infrared spectroscopy
FTIR spectrometer Pye Unicam Ltd. (Cambridge, England) was

used to obtain FTIR spectra. The samples were mixed thoroughly
with potassium bromide at 1:100 (sample: potassium bromide)
weight ratio after being ground. Pressure of 5 tons was  applied for
5 min  to compress the powder in order to prepare potassium bro-
mide discs in a hydraulic press. Scans were obtained at a resolution
of 4 cm−1, from 4000 to 400 cm−1 at a scan rate of 16. All the studies
were performed in triplicate.

2.2.4. Scanning electron microscopy (SEM)
SEM data was achieved by using a scanning electron microscope,

Stereoscan 90 (Cambridge, UK). Double-sided adhesive carbon tape
was  used to fix the sample powders to an aluminium stub and was
made conductive for use in Emscope Sputter (SC 500) for 360 s at
10 mA  by coating in vacuum (4 psi) with a double gold layer. The
samples were then loaded into the SEM to obtain scanning electron
micrographs of the sample.

2.3. Preparation of solid dispersion and physical mixture

Solid dispersions were prepared by melt fusion containing 15%
(w/w)  paracetamol loading in PEG 8000 (Dubois and Ford, 1985).
Homogeneous solution was formed by heating the drug and the
polymer while stirring until the drug dissolved completely in the
melt. The solution was  solidified under ambient conditions after
pouring it into tablet moulds. Paracetamol 15% (w/w) and PEG
8000 were ground for around 15 min in a mortar to make physical
mixtures.

2.4. HPLC analysis (transport studies)

HPLC studies were performed using a Dionex 1100 HPLC sys-
tem with autosampler (AS50), gradient pump (GP50), detector
(UVD170U) and a C18 analytical column (Phenomenex ODS 3 Col-
umn, 4.6 �m × 150 mm)  with a particle size of 5 �m. The mobile
phase consisted of acetonitrile (10%):double distilled water (90%)
for paracetamol and was detected at a wavelength of 240 nm, at
a flow rate of 1 mL/min. 20 �L of paracetamol was  injected and
retention time of paracetamol at this flow rate was  between 5 and
6 min.

2.5. Procedure for Caco-2 cell culture

Caco-2 cells with passage 70 were obtained from American Type
Culture Collection (ATCC) and used at passages 90–100. Cells were
grown to 90% confluences in 75 cm2 T-flasks with DMEM supple-
mented with 10% FBS, 1% penicillin–streptomycin supplemented
with 2 mM glutamine and 1% NEAA. Culture medium was changed
every second day and cells were grown at a temperature of 37 ◦C
and 5% CO2. For the transport assay, cells were seeded on top of 6
well transwell culture plate inserts (24 mm,  4.7 cm2) at a density
of 2 × 105 cells/cm2. Transwell inserts were used by first adding
medium to the 6 well plates, then adding the transwell insert,
followed by the addition of the medium and cells to the inside
compartment of the transwell insert. Recommended 6 transwell

permeable medium volume is 2.6 mL  for plate well and 1.5 mL  for
the inside of transwell. An initial equilibrium period was used to
improve cell attachment by adding medium to the 6 well plate
and then to the transwell insert. The plate was then incubated
for at least 1 h. The cells were then added to fresh medium in
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Fig. 1. Hyper-DSC thermograms of solid dispersion consisting of 15% (w/w) parac

he transwell insert and returned to the incubator. The level was
hecked periodically and fresh medium added as required. The cul-
ure medium was  replaced every 24–48 h. Transepithelial electrical
esistance (TEER) was measured at the start and end of every study.

.6. Paracetamol permeability study

Caco-2 monolayers were used 21–25 days after seeding. Api-
al to basolateral permeability of drug and the solid dispersion
as assessed. After 1 h of pre-incubation with drug-free transport
edium (Hanks balanced salt solution), the medium containing

he drug and the solid dispersion was introduced to the apical side
1.80 mL). To determine the initial concentration (C0), a sample of
00 �L was taken from the apical side (1.50 mL  remaining at the
pical side). Sample aliquots (300 �L) were taken from the baso-
ateral side at given time intervals (0, 5, 10, 15, 20, 25, 30, 60 min).
fter each sampling, an equal volume of fresh transport buffer (pre-
armed at 37 ◦C) was added to the receiver compartment (basal

ide) and kept the cells at a temperature of 37 ◦C and 5% CO2 dur-
ng experiment. Samples were subsequently analyzed by HPLC. All
xperiments were performed at 37 ◦C (n = 3).

Apparent permeability Papp (cm/s) was calculated according to
quation

app = dQ

dt
× 1

AC0

here dQ/dt is the rate of appearance of the drugs on the basolateral
ide (nmol s−1), C0 is the initial concentration on the apical side
mM)  and A is the surface area of the monolayer (cm2).

The data presented was validated using HPLC measurement of
rug transfer during the process of permeability. This included rep-
tition of drug permeability studies in the preparations used for
icroarray analysis.

.7. Microarrays

The samples were collected at various time points for transcrip-
omics directly into a mixture of phenol (5%) and ethanol (95%) in
he ratio of 1:5 of phenol–ethanol and sample. The samples were
ncubated on ice and then pelleted by centrifugation at 5000 rpm
t 4 ◦C for 10 min  and the pellets were stored at −80 ◦C until RNA

xtraction. Total RNA was extracted from the cell pellets by using
n RNeasy kit (Qiagen) and reverse transcribed and fluorescently
abelled with cy3 and cy5 dye by using a CyScribe indirect postla-
elling kit (GE-healthcare). All the controls and test samples were

abelled with cy3 and cy5 dyes and single channel hybridization
l (formulation—PEG 8000 + paracetamol) paracetamol alone and PEG 8000 alone.

was  carried out. Prior to hybridization slides were treated with
sodium borohydride from Pronto background reduction kit (Corn-
ing) followed by prehybridization of slides for a minimum of 2 h
in (20× SSC, 0.1% SDS, BSA 0.1%). For each experiment 80 pmol of
cy3 and cy5 labelled cDNA was  added to a final volume of 80 �L
of hybridization solution containing 30% formamide, 20× SSC, 0.1%
SDS, Human Cot1 DNA and Poly dA (1 �g/�L). The cDNA probes
were denatured at 95 ◦C for 5 min, centrifuged for 2 min at full speed
and hybridized for 16 h at 42 ◦C. Slides were then washed at 42 ◦C
with 2× SSC–0.1% SDS for 15 min  and at room temperature with
0.2× SSC and twice with 0.05× SSC for 15 min  using Advawash
slide washing machine. Slides were dried by low speed centrifu-
gation at 1500 rpm at 25 ◦C for 10 min and scanned by using Perkin
Elmer Scanarray scanner. The signal intensity of each spot in the
microarray was  quantified by using scanarray software.

Quantile normalization, hierarchical clustering, PCA and signif-
icant analysis of microarrays (SAM) were performed using TMEV
(Saeed et al., 2006) TM4: a free, open-source system for microarray
data management and analysis.

2.8. Statistical analysis of data

Student’s unpaired t-test with P < 0.05 was considered as sig-
nificant. Statistical significance was calculated by GraphPad prism
software.

3. Results and discussion

3.1. Characterisation studies for paracetamol

Paracetamol solid dispersion with PEG 8000 was prepared by
melt fusion method and both the prepared solid dispersion and
paracetamol free drug were characterised using hyper differen-
tial scanning calorimetry (hyper DSC), Fourier transform infrared
spectroscopy (FTIR) and scanning electron microscopy (SEM).

Fig. 1 shows the DSC thermograms of paracetamol, PEG 8000 and
solid dispersion 15% (w/w) (paracetamol–PEG 8000). Paracetamol
exhibited an endothermic peak at 166.71 ◦C corresponding to its
melting point while, PEG polymer shows a melt at around 59.13 ◦C.
Upon dispersing paracetamol into PEG, the melting endotherm of
paracetamol free drug disappeared and only the polymer peak was

observed at 59 ◦C. The absence of paracetamol melting endotherm
in the prepared solid dispersion could be attributed to the solubili-
sation and distribution of the drug within the hydrophilic polymer
matrix which in turn possibly resulted in the conversion of the
crystalline paracetamol form into the amorphous form. Similar
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Fig. 2. Fourier transform infrared spectra of (bottom to top): (a) PEG 8000, (b) paracetamol, (c) physical mixture of PEG 8000 and paracetamol and (d) solid dispersion of
PEG  8000 and paracetamol.
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between the two moieties (Fig. 2).
In summary the characterisation data suggests the formation of

amorphous paracetamol which formed hydrogen bonds with the
polymer upon formulation as solid dispersion.
ig. 3. Scanning electron microphotographs of (A) PEG 8000; (B) paracetamol alon
ontent;  (D) solid dispersion of paracetamol binary system with 15% (w/w) drug co

esults were suggested by Guyot et al. (1995) and Damian et al.
2000).

On the other hand, paracetamol physical mixture with PEG 8000
howed two separate peaks at 59 and 166 ◦C corresponding to the
elting point of the polymer and paracetamol respectively (data

ot shown).
The DSC results were further confirmed by SEM images (Fig. 3)

howing that PEG 8000 particles were irregular in shape and size
s previously reported by Badens et al. (2009).  Paracetamol–PEG
hysical mixture showed elongated crystals of the drug on the sur-
ace of the polymer (Fig. 3C). However, analysis of solid dispersion
evealed the absence of these characteristic crystals possibly due to
he formation of amorphous drug upon melting and solidification
ith PEG (Fig. 3D) which was confirmed from DSC scans.

Further characterisation of the drug and formulation was carried
ut using FTIR. The infrared spectra for PEG 8000 was  characterised
y sharp peaks at 3450, 2891 and 1490 cm−1 corresponding to the
tretching associated with O–H, C–H and C–O bonds respectively.

nalysis of spectra for paracetamol showed specific absorption
ands at wave numbers 3324, 3289 and 1690 cm−1 corresponding
o the stretching associated with O–H, N–H and C–O respec-
ively. Interestingly, the hydroxyl (–OH) peak characteristic for
EG disappeared when the solid dispersion was prepared, more-
) physical mixture of PEG 8000-paracetamol binary systems with 15% (w/w) drug
.

over the carboxyl group characteristic for paracetamol had shifted
to 1640 cm−1 which in turn suggest the formation of H-bonds
Fig. 4. Apical-to-basal permeability of solid dispersion of paracetamol (�) and
paracetamol alone (�) across Caco-2 monolayers. Each column indicates mean ± S.D.
(n  = 3).



276 S. Khan et al. / International Journal of Ph

F
p
m

3

m
m
s
u
P
e
d
i

t
p
t
i
i
1
s
a
o

a
f
r
p
O
i

d
c
i
r
a
a
e
c
(
t

r
g
s
r
d
r
t
t

tant roles in modulating drug absorption, metabolism, toxicity and
ig. 5. The apparent permeability coefficients (Papp) of solid dispersion containing
aracetamol (�) compared to the paracetamol alone (�). Each column indicates
ean ± S.D. (n = 3).

.2. Permeability studies

Caco-2 cell monolayers have been recognised as vital in vitro
odel for the rapid screening of intestinal drug absorption. Per-
eability studies for drug absorption for paracetamol alone and its

olid dispersion were carried out to study the influence of molec-
lar state of drug (amorphous form against crystalline form) and
EG 8000 on drug permeation. The cumulative % transfer of parac-
tamol from apical to basal (�g/2.5 mL)  across Caco-2 monolayer at
ifferent time points for paracetamol alone and its solid dispersion

s presented in Fig. 4.
Paracetamol permeability across Caco-2 cells was higher from

he solid dispersion formulation at all the time points when com-
ared against paracetamol alone. Paracetamol absorption from
he solid dispersion increased from less than 1 �g/2.5 mL  dur-
ng the first 5 min  of incubation to 5 �g/2.5 mL  after 10 min of
ncubation and the permeability increased to a maximum of
2.7 ± 4.1 �g/2.5 mL  after 60 min. However, permeability mea-
urements of paracetamol alone resulted in relatively poor drug
bsorption and only 7.6 ± 0.3 �g/2.5 mL  was absorbed after 60 min
f incubation.

The apparent permeability coefficients (Papp) for paracetamol
nd its solid dispersion at different time points were calculated and
ound to be 5.12 ± 0.76 × 10−6 cm/s and 7.09 ± 3.76 × 10−6 cm/s
espectively (Fig. 5) suggesting that paracetamol and its solid dis-
ersion can be classified as moderately permeable (Yee, 1997).
verall, solid dispersion of paracetamol exhibited twofold increase

n permeability when compared to drug alone.
The improvement in paracetamol permeability from the solid

ispersion could be assigned to two critical factors. Firstly, the
onversion of crystalline paracetamol into amorphous form upon
nclusion into PEG 8000 hydrophilic matrix could have possibly
esulted in an increase in solubility which allows the drug to readily
ssociate with aqueous environment with relatively low enthalpy
nd ultimately be presented to the site for drug absorption (Prabhu
t al., 2005). Secondly, the presence of PEG 8000 within the matrix
ould have resulted in microenvironmental changes of cell surface
membrane fluidity) as suggested by Johnson et al. (2002) leading
o enhancement in drug absorption.

As majority of the research investigating drug permeability is
estricted to study the influence of single transporter gene with P
lycoprotein occupying the forefront, our research was directed to
tudy a holistic view of various transporter genes using microar-
ays. The motivation to further explore gene expression changes

uring paracetamol permeability was driven by the desire to study
egulation of transporter genes such as ATP binding cassette (ABC)
ransporters and solute carrier transporters (SLC) and investigate
heir role in drug absorption, metabolism and toxicity. Microarray
armaceutics 417 (2011) 272– 279

studies were conducted and gene expression was assessed dur-
ing permeability of paracetamol and its solid dispersion at three
different time points (15, 30 and 60 min).

3.3. Microarray

3.3.1. Data clustering and normalization
Analysis of data generated from microarrays can be performed

using different computational and statistical approaches. Among
them data clustering helps understand expression patterns when
comparing different data sets from similar experiments (Eisen et al.,
1998; Tibshirani et al., 1999; Getz et al., 2000). Data clustering
was  carried out for the different data sets at various time points.
Initial analysis was done on the control data sets (Caco-2 cells at
15, 30 and 60 min). The results showed that the different data sets
for the controls were grouped together when analysis was carried
out on triplicate data sets at each time point and also at different
time points throughout the course of the experiments indicating
that there were minimal variations in gene expression profiling
between control samples (data not shown). As analysis for con-
trol data sets revealed that there was  minimal variation during the
entire 60 min  of experimental study, a mean value was  employed
for comparing data sets of control against data sets for drug alone
treated cells and solid dispersion treated cells.

To further study and compare gene expression patterns between
control and drug treated (both drug alone and solid dispersion)
hierarchical agglomerative data clustering analysis was carried out.
Additionally, when multiclass significant analysis of microarrays
(SAM) was  performed for the control samples, it was  found that at
a false discovery rate (FDR) of 12%, 1000 out of the total 38000 genes
significantly changed between control samples at the three differ-
ent times. However, SAM analysis on data sets comparing control
against drug alone and solid dispersion treated cells showed that
25% of the total genes exhibit variations at an FDR of 1%.

The next phase of data analysis involved the study of princi-
pal component analysis (PCA) to determine dynamic trends during
drug permeability using averaged normalized data for the differ-
ent time point data sets treated with paracetamol alone and its
solid dispersion when compared to the control (Fig. 6). PCA analysis
results revealed that all the data sets were clustered at the origin
for control samples as well as samples treated with paracetamol
and its solid dispersion (15 min  only) suggesting that there was  no
significant variation in gene expression pattern in the first 15 min  of
the study. However, maximum variability in gene expression pro-
file was obtained after 30 min  of drug alone treatment as well as
solid dispersion treatment suggesting that maximum variation in
gene expression was  obtained with data sets reverting back to the
original state after 60 min  (Fig. 6). PCA analysis showed that molec-
ular expression pattern for genes followed a clockwise trajectory
for paracetamol alone treated cells as well as cells treated with solid
dispersion and that maximum variation occurred at 30 min.

A study conducted by Bagnall et al. (1979) suggested that parac-
etamol is mainly transported across the intestinal membrane by
passive diffusion. However, paracetamol metabolism by conjuga-
tion with sulphates and glucuronides increased the polarity of
the drug and the primary active transporters were more likely to
get involved in paracetamol metabolite absorption (Evans, 2007).
Hence, our next stage of work was to investigate the analysis of
transporter genes with primary focus on ABC and SLC transporters.
ABC family serve as primary active transporters and play impor-
effectiveness (Glavinas et al., 2004). HPLC analysis was  carried
out throughout the study to validate the results for gene expres-
sion analysis similar to our recent studies on genomic analysis of
indomethacin based formulations (Khan et al., in press).
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ig. 6. Principal component analysis on the transcriptional time course for parac-
tamol (PARA) alone and solid dispersion of paracetamol (SD-PARA). The number
epresents the time points. The plot represents the data for mean values (n = 3) at
ach  time point.

The results from the study suggest that the level of differentially
xpressed genes varies with the type of drug formulation and time
ourse. The results showed that a total of 15 ABC genes changed
heir expression, 13 of which were significantly over expressed and
wo remained unaltered upon exposure to paracetamol and its solid
ispersion over the course of 30 min  time period (Fig. 7). However,
he level of expression varied significantly for paracetamol alone
nd its solid dispersion counterpart which suggests that formula-
ion has an influence on level of expression of ABC transporters.

ajority of the over-expressed genes were metabolic and toxic
iomarkers and only few mediate the transportation of therapeutic
gents (Fig. 8).

ABCC6 (MRP6) was among the expressed genes and the results
uggest that paracetamol alone formulations had increased the
xpression of MRP6 from −0.59 ± 0.1 at the basal state to 0.1 ± 0.16
pon drug treatment (Fig. 8). MRP6 is reported to play an important
ole in the transportation of glutathione conjugates. Paracetamol
etoxification takes place by conjugation of drug with glutathione
Ketterer et al., 1983) and was reported to occur in Caco-2 cell

ines (Oude Elferink et al., 1993). It can be concluded from our
esults that paracetamol was metabolised and resulted in the for-
ation of glutathione conjugate which eventually stimulated the

ver-expression of MRP6 for its transportation. On the other hand,
aracetamol–PEG solid dispersion did not significantly affect the

ig. 7. Total number of ABC genes over-expressed (13 genes) (�) and unchanged (2 gen
ver-expressed (13 genes) (�) and unchanged (2 genes) ( ) after 30 min  of exposure to 
Fig. 8. Gene expression profiles of ABC transporters on Caco-2 cells at basal state (�),
after 30 min  of exposure to paracetamol ( ) and paracetamol–PEG solid dispersion
( ) (n = 3).

expression of MRP6 from the basal state. This could be attributed
to the transport and metabolic inhibitory effect of PEG which was
early reported by Johnson et al. (2002).

Interestingly, two  hepatotoxic biomarkers (ABCC13 and ABCB4)
were over-expressed upon exposure of Caco-2 cells to paraceta-
mol  alone. ABCC13 is believed to be highly expressed in fatal liver;
20 times more than normal adult liver (Yabuuchi et al., 2002).
ABCC13 was  significantly over-expressed from −0.63 ± 0.02 at the
basal state to 2.01 ± 0.18 when Caco-2 cells were exposed to parac-
etamol only. Yet, paracetamol–PEG solid dispersion resulted in a
slight increase of ABCC13 gene expression (0.77 ± 0.39). Similar
pattern of expression was observed for ABCB4 whose expression
had increased to (2.36 ± 1.5) and (0.93 ± 0.61) for paracetamol and
paracetamol–PEG dispersion respectively (Fig. 8). ABCB4 is sug-
gested to play a role in intra hepatic gallstone disease (Fracchia
et al., 2001) and type 3 intra hepatic cholestasis (Jacquemin et al.,
2001).

The high increase of hepatotoxic biomarker reflects the liver tox-
icity of paracetamol which was  previously reported by Eriksson
et al. (1992).  However, the use of PEG 8000 in the solid disper-
sion induced a reduction in the toxic effects as suggested by the
toxic biomarker expression level. The mechanism of action of PEG
is not yet known, but it could be related to the ability of PEG
to modify membrane fluidity and mitochondrial toxicity as pre-
viously reported by Johnson et al. (2002).  As reported earlier in
our previous work, the use of DNA microarrays is advantageous
to deduce any possible side effects linked to therapeutic agent or
pharmaceutical formulation (Khan et al., in press). In this study,
the expression of ABCC12 changed significantly (3.52 ± 0.02) when
exposed to paracetamol containing formulations and remained
unaffected (0.57 ± 0.99) when the solid dispersion formulation was
used (Fig. 8). No physiological function is known for ABCC12 but it
is believed to play a role in a genetic disease in infancy known as

paroxysmal kinesigenic choreoathetosis PKC (Shimizu et al., 2003).

Solute carrier transporters (SLC) are membrane bound proteins
that play a major role in regulating the uptake of various materi-
als such as nutrients, inorganic ions, nucleosides, amino acids and
sugars. Organic anion transporter peptide (OATP), organic anion

es) ( ) after 30 min  of exposure to paracetamol (A), total number of ABC genes
solid dispersion of paracetamol (B).
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Fig. 9. Total number of SLC genes over-expressed (�) and unchanged ( ) after 30 min  of exposure to paracetamol (A), total number of SLC genes over-expressed (�)  and
unchanged ( ) after 30 min  of exposure to solid dispersion of paracetamol (B).
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ig. 10. Gene expression of SLC transporters on Caco-2 cells basal state (�), after 30

ransporters (OATs), organic cation transporter (OCT) and peptide
otransporters (PEPTs) are mainly involved in transportation of
enobiotics (Prakash and Vaz, 2009). Therefore, the gene expres-
ion changes of SLC family were investigated in order to understand
heir role in transportation of paracetamol or its solid dispersion.
p to date 360 SLC genes have been identified that are grouped into
6 SLC families in the human genome (Hediger et al., 2004).

The expression changes of 132 SLC transporter genes were iden-
ified in our study (Fig. 9), among them 115 genes were significantly
ver-expressed and 17 remained unchanged upon exposure to
aracetamol alone for 30 min. On the other hand, using paracetamol
olid dispersion resulted in over-expression of 102 SLC transporter
enes only and 30 transporter genes remained unchanged (Fig. 9).

Interestingly, many members of SLC25 family were over-
xpressed upon exposure to paracetamol only formulation. For
nstance, the expression of SLC25A26 increased from −0.6 ± 0.2
t the basal state to 3.58 ± 0.36 upon exposure to paraceta-
ol  for 30 min. However, the expression remained unaltered

t −0.071 ± 0.43 when PEG-solid dispersion was  used (Fig. 10).
aitina et al. (2006) and Robinson et al. (2008) have concluded

hat SLC25 are mitochondrial carriers that mediate the absorption
f amino acids, malate and ATP which are essential for mitochon-
rial activity. The results suggest that solid dispersion formulation

nhibited the over-expression of SLC25 transporter genes which in
urn impair the mitochondrial function and could possibly reduce

itochondrial toxicity as suggested by Johnson et al. (2002).
The expression level of sugar and polyol transporters was

ffected to the same degree (e.g. SLC2A12 and SLC2A5) when parac-
tamol and its solid dispersion were studied suggesting inclusion
f PEG 8000 or conversion of crystalline form to amorphous state
as no effect on genes from sugar transporter family (Fig. 10).

The above data strongly suggests that paracetamol is passively
ransported across Caco-2 cells as no transporter genes were over-

xpressed throughout the permeability study of paracetamol and
ts solid dispersion. Therefore, the concentration gradient of the
rug in the donor chamber is the driving force for the drug perme-
bility. The higher permeability achieved by solid dispersion could
e attributed to the indirect effects of PEG on the membrane fluidity
of exposure to paracetamol (�) and paracetamol–PEG solid dispersion ( ) (n = 3).

and buffer osmolarity which in turn results in disturbing membrane
integrity and enhances paracetamol partitioning across the mem-
brane. Furthermore, the solid dispersion formulation had converted
the crystalline form of paracetamol into the amorphous one result-
ing in higher solubility and higher concentration of the drug in the
donor chamber.

Nevertheless, our current study suggests that coupling microar-
rays with drug permeability across Caco-2 cells could provide a
large set of information about drug transportation, metabolism and
possible toxicity. The use of different drug formulations was found
to have a great impact on the level of expression of the correspond-
ing transporter genes or biomarkers.

4. Conclusions

Solid dispersion in PEG 8000 is regarded as highly effective
means of increasing the bioavailability of model drug paraceta-
mol. The study demonstrated a chemical interaction between the
drug and the carrier in the formulation through hydrogen bond-
ing. Permeability data analysis showed that drug permeability was
higher from solid dispersion when compared to drug alone, while
the DNA microarrays data has shown that neither transporter car-
riers nor efflux proteins were involved in the absorption process
of paracetamol or its PEG solid dispersion. The higher permeability
exhibited by the solid dispersion is possibly due to conversion of
crystalline paracetamol to an amorphous form and the presence of
hydrophilic carrier.

Importantly, gene expression analysis has established that
paracetamol metabolism could possibly take place in Caco-2 cells
and that the solid dispersion inhibited the metabolism indirectly
by down-regulating SLC25 transporter gene expression (which
reduces mitochondrial toxicity and ATP depletion). One of the rea-

sons behind failure of most new chemical entities (NCEs) is its
low in vivo efficacy, undesired side effects, unfavorable metabolism
and toxicity, the introduction of microarrays in drug screen-
ing cycle would be helpful in early detection and reduction of
these attritions.
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