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Abstract The aim of the current investigation was to
assess the ability GFJ to modulate the pharmacokinetic
profile of paracetamol following single or repeated
administrations of GFJ in Sprague-Dawley rats. Diclofe-
nac and carbamazepine were both used as positive controls.
Rats received single GFJ or single distilled water doses or
pretreated with three doses of GFJ prior to test drug
administration. Blood samples were collected, processed
and analyzed using validated HPLC methods, and phar-
macokinetic data were constructed for each group. Increase
in the bioavailability of both diclofenac and carbamazepine
following multiple GFJ ingestion was revealed. Con-
versely, the bioavailability of paracetamol was significantly
reduced following multiple GFJ administration. The per-
centage of reduction in the Cy,,x and AUC of paracetamol
were calculated as 31 and 51 %, respectively, compared to
none-GFJ-treated control (P < 0.05). The T..x was not
essentially changed. In conclusion, frequent administration
of GFJ was confirmed to modulate the pharmacokinetics of
paracetamol in rats by reducing its bioavailability. Mean-
while, it may be advisable not to ingest large amounts of
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GFJ along with paracetamol to avoid a possible potential
loss of the efficacy.
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1 Introduction

Grapefruit (Citrus paradisi), particularly as juice (GFJ), is
largely consumed by the general population. Through its
inhibitory actions on the intestinal cytochrome P-450 (CYP)
3A4 system, GFJ can alter the bioavailability of many
medications leading to serious consequences. The main
reported action of grapefruit is increasing serum concen-
tration of many drugs by inhibiting their pre-systemic (first-
pass) metabolism in the intestine due to the presence of
furanocoumarins in the juice (Paine et al. 2004). Such drug—
food interaction has been reported in both white and colored
(pink and red) grapefruit species that contains lower
amounts of the furanocoumarin derivatives. Nevertheless, it
was found that white and colored GFJ may be equipotent in
producing drug interactions (Uesawa et al. 2008).
However, other reports indicated decreased plasma
concentration of some drugs when ingested with GFJ.
Among these are fexofenadine and talinolol (Dresser et al.
2002; Schwarz et al. 2005). This unusual interaction had
been mainly attributed to the ability of GFJ to modulate the
actions of efflux and uptake transport proteins that are
present in the intestinal lumen (Hanley et al. 2011; Won
et al. 2010). The most reported efflux protein affected by
GFJ is the P-glycoprotein (P-gp) (Dahan and Amidon
2009). By inhibiting P-gp pumps, the efflux of drug mol-
ecules towards the intestinal lumen would be reduced,

A\ Adis


http://crossmark.crossref.org/dialog/?doi=10.1007/s13318-014-0251-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13318-014-0251-4&amp;domain=pdf

188

Eur J Drug Metab Pharmacokinet (2016) 41:187-195

therefore, increasing their systemic concentrations and vise
versa. However, definitive evidence supporting in vivo
inhibition or activation of P-gp by GFJ is limited (Hanley
et al. 2011; Deferme and Augustijns 2003). On the other
hand, GFJ may also inhibit the organic anion-transporting
peptide (OATP), which is a transmembrane sodium-ATP-
independent transporter found in the intestinal mucosa and
promotes uptake of drugs into the enterocytes (Bailey et al.
2007). The inhibition of OATP results in reduced blood
levels of the drug substrate. This contradicts the actions of
inhibition of CYP3A4 or P-gp by GFJ, which result in
increased levels of circulating drugs.

Most of the previously reported drug—GFJ interactions
focused mainly on prescription drugs with low therapeutic
indices, extensive CYP first-pass metabolism or those with
low systemic bioavailability thus, requiring high thera-
peutic doses. Conversely, GFJ interactions with many of
over the counter (OTC) drugs are generally disregarded
perhaps due to their wide margin of safety and large
exposure. While GFJ interactions with some OTC drugs
have been previously confirmed, such as a positive inter-
action with dextromethorphan or the negative interaction
with caffeine (Maish et al. 1996; Strauch et al. 2009),
interactions of GFJ with many other OTC drugs are still to
be explored.

Paracetamol (acetaminophen, APAP) is a widely used
OTC drug in both adult and pediatric practice. Due to its
potent analgesic and antipyretic actions, it is often classi-
fied as a non-steroidal anti-inflammatory drug (NSAID),
however, it lacks the other typical actions of NSAIDs such
as antiplatelet activity and gastrotoxicity (Botting 2000).
Glucuronidation and sulphation are recognized as major
metabolic pathways of paracetamol while oxidation,
mainly by CYP2EI, is considered a minor metabolic
pathway (Bessems and Vermeulen 2001; Kim et al. 2011).

Since paracetamol is acknowledged for its safety within
therapeutic doses, high exposure, its convenient bioavail-
ability and low CYP first-pass metabolism, it seems to be an
insignificant candidate for drug—GF]J interaction investiga-
tions. Nevertheless, it has been previously demonstrated that
GFJ can change the bioavailability of paracetamol in human
saliva and surprisingly, by reducing the salivary levels of
paracetamol when ingested with GFJ (Qinna et al. 2012). No
other human in vivo interactions between GFJ and paracet-
amol have been clinically reported in the literature so far.
Conversely, previous preclinical studies on rodents con-
firmed the presence of drug—food interaction between GFJ
and paracetamol where the levels of paracetamol or its
activity was concluded higher when ingested with GFJ
(Dasgupta et al. 2008; Samojlik et al. 1999).

Therefore, the aim of the present study was to confirm
the pharmacokinetic interaction between single and mul-
tiple doses of white GFJ with paracetamol in Sprague—
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Dawley rats. Diclofenac sodium (NSAID) and carbamaz-
epine (anticonvulsant), both known to be metabolized by
CYP3A4 in the gut wall and the liver (Garg et al. 1998;
Zhu and Zhang 2012), were likewise investigated with
paracetamol as positive controls.

2 Materials and methods
2.1 Drugs and chemicals

Sodium hydroxide and HPLC grade of methanol, acetonitrile
and deionized water (HiPerSolv CHROMANORM®) were
purchased from VWR International LLC, IL, USA. Per-
chloric acid, tert-Butyl methyl ether (Uvasol®) and 85 %
phosphoric acid were purchased from Merck KGaA,
Darmstadt, Germany. Triethylamine was obtained from
Acros Organics, NJ, USA. Pharmaceutical grade of dic-
lofenac sodium, paracetamol and metronidazole benzoate
were kindly supplied by the Jordanian Pharmaceutical
Manufacturing Co. Plc., Amman, Jordan. Mefenamic acid
and carbamazepine were a kind gift from JOSWE Company,
Amman, Jordan. Cefadroxil was kindly supplied by Mid-
Pharma Company, Amman, Jordan. Rat serum was freshly
prepared and screened for interfering peaks prior to use.

2.2 Grapefruit juice preparation

White grapefruit ripe fruits cultivated in the Jordan Valley
were purchased from a local market (Amman, Jordan). GFJ
was fresh hand squeezed at the day of experimentation
without any further treatment or additives and kept
refrigerated at 4 °C until used.

2.3 Animal handling

Adult male Sprague-Dawley (SD) rats with an average
weight of 220 + 20 g were purchased from Yarmouk
University (Irbid, Jordan) and accommodated at the Uni-
versity of Petra’s Animal House (Amman, Jordan) under
controlled temperature (22-24 °C), humidity (55-65 %)
and a 12-h light/dark photoperiod cycle and were offered
standard pellet diet (Jordan Feed Co. Ltd, Amman, Jordan)
and tap water ad libitum. All rats were acclimatized for
14 days before experimentation. All experiments were
carried out in accordance with University of Petra’s insti-
tutional Guidelines on Animal Use that adopts the guide-
lines of the Federation of European Laboratory Animal
Sciences Association (FELASA). The study protocol
(Pharm6/13) was revised and approved (Approval number:
5, 28th Feb 2013) by the Ethical Committee of the Higher
Research Council at the Faculty of Pharmacy and Medical
Sciences, University of Petra (Amman, Jordan).
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2.4 In vivo experimental design

For each experiment, rats were randomized into three
groups (n = 10 rats/group). Fasting rats (12 h, water
ad libitum) in the first and second groups were adminis-
tered a single dose of distilled water or GFJ (10 ml/kg)
30 min prior the assigned drug administration. As for the
third group, rats were administered multiple doses of GFJ
(10 ml/kg) at 28 and 20 h then at 30 min prior drug
administration to 12 h fasting rats.

All drugs were dissolved in distilled water and freshly
prepared for each experiment. Rats received paracetamol
(10 mg/kg), diclofenac sodium (2 mg/kg) or carbamaze-
pine (30 mg/kg) using a stainless steel oral gavage needle
(Harvard Apparatus, USA).

Blood samples were collected by pooling one drop of
blood from each rat tail tip into a labeled Eppendorf tube
just before drug administration (0 h) and at a specific time
intervals (0.5, 1, 2, 3, 4, 6 h) post-drug administration. An
extra blood sample at 8 h was collected for carbamazepine-
treated rats due to its long half-life. Collected blood sam-
ples were allowed to clot at room temperature and centri-
fuged for 5 min at 6,000 rpm using a Hettich EBA 20
centrifuge, Tuttlingen, Germany. The serum was then
collected and stored at —20 °C until analyzed.

2.5 Instrumentation and chromatographic conditions

Drugs in serum samples were analyzed using a Merck-
Hitachi high-performance liquid chromatography (HPLC)
system (Merck-Hitachi, Japan) consisted of L-7100 La-
Chrom pump, L-7400 Lachrom UV detector, an L-7200
Lachrom autosampler and a D-7000 Interface. A Hypersil
BDS C18 analytical column (Thermo Scientific, NJ, USA)
with dimensions of 150 x 4.6 mm and a particle size of
5 um was utilized for all investigated drugs. Cefadroxil,
mefenamic acid and metronidazole benzoate were used as
internal standards (IS) in analyzing paracetamol, diclofenac

sodium and carbamazepine, respectively. The used chro-
matographic conditions for the investigated drugs are
summarized in Table 1.

2.6 Preparation of calibration standards

All investigated drugs were dissolved initially in methanol
at a concentration of 1,000 pg/ml (Stock A). The following
dilutions were prepared by spiking Stock A in freshly
separated rat serum: 0.25, 1.0, 3.0, 5.0, 10.0 and 20.0 pg/ml
for paracetamol and 0.1, 0.2, 0.5, 1.0, 1.5 and 2.0 pg/ml for
diclofenac sodium, respectively. For carbamazepine,
1.25 ml of Stock A was further diluted in 10 ml acetonitrile
to obtain Stock B with a final drug concentration of
125 pg/ml. Stock B solution was used to spike rat serum at
the following dilutions: 0.05, 0.10, 0.50, 1.00, 2.00, 3.00,
and 5.00 pg/ml. All prepared samples were kept at 4-8 °C
until injected in their corresponding HPLC system
(Table 1). Calibration curves were constructed by plotting
the peak area ratios (drug/IS) versus the concentrations of
the drugs.

2.7 Sample preparation

For paracetamol test samples preparation, 20 pl of the
internal standard (50 pg/ml of cefadroxil dissolved in
methanol) was added to 100 pl of rat serum in a test tube,
then 200 pl of 5 % perchloric acid was added to the mix-
ture and vortex-mixed for 30 s then centrifuged for 10 min
at 14,000 rpm (Sorvall centrifuge, model: SuperSpeed
RC2-B, Thermo Fisher Scientific Inc., Waltham, MA,
USA). The supernatant was injected into the HPLC col-
umn. Representative chromatograms of paracetamol ana-
lysis in processed serum samples obtained from GFJ-
administered rats are shown in Fig. 1.

For diclofenac sodium test samples preparation, 50 pl of
the internal standard (3 pg/ml of mefenamic acid dissolved
in methanol) was added to 100 pl of rat serum in a test

Table 1 HPLC parameters used in the analysis of paracetamol, diclofenac sodium or carbamazepine in Sprague—Dawley rats’ serum

Parameter Test drug
Paracetamol Diclofenac sodium Carbamazepine
Mobile phase (Water: Acetonitrile) 91:9 %vlv 40:60 %v/v 55:45 %viv
Triethylamine (ml/l mobile phase) 1 0.5 0.5
pH of mobile phase 2.75 + 0.05 2.20 £+ 0.05 6.5 + 0.05
UV detection wavelength (4 in nm) 245 280 285
Injection volume (ul) 20 75 40
Flow rate (ml/min) 1 1 1
Drug retention time (min) 3.1-3.6 4.04.5 2.7-3.3
Internal standard Cefadroxil Mefenamic acid Metronidazole benzoate

Internal standard retention time (min) 3.84.3

5.7-6.2

3743




Eur J Drug Metab Pharmacokinet (2016) 41:187-195

190
>
g
&
>
2
‘A
o
&
o
.
6.5 .4 1.5 2.0 25 3.0 3.5 4.0
Retention time (min)
B 20
%
15 <
S z
(1A
g [}
=
2 10 O
2 -
2 y
8 x®
=] o
- 5
0
- :
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Retention time (min)
C 20 ]
! 3
* -
> 8 £
! o
g ‘ |8 I
~ 1 S [
> 10 ] 5: >
z O
] " -
g ] “ &
= 54 o PO

T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Retention time (min)

Fig. 1 Representative HPLC chromatograms of analyzed Sprague—
Dawley rat serum samples. The shown chromatograms represents a
group treated with multiple doses of GFJ illustrating (a), a processed
blank serum sample (b) a serum sample spiked with cefadroxil; the
internal standard of paracetamol analysis and (c). A processed serum
sample withdrawn 30 min post-paracetamol administration and
spiked with the internal standard. Asterisk paracetamol glucuronide
according to an in-house verification

tube, then 35 pl of 2.4 % perchloric acid was added and the
mixture was vortex-mixed, then 6 ml of tert-Butyl methyl
ether was added to the mixture and vortex-mixed for 30 s
then centrifuged for 10 min. The upper layer was trans-
ferred to another tube contain 200 pl of 75 mM sodium
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hydroxide, vortex-mixed for 1 min then centrifuged for
6 min at 14,000 rpm. The lower layer was injected into the
HPLC Column.

For the preparation of carbamazepine test samples,
300 pl of acetonitrile containing 7.5 pg/ml metronidazole
benzoate was added to 200 pl of rat serum, the mixture was
vortex-mixed for 30 s and centrifuged for 10 min at
14,000 rpm. The supernatant was injected into the HPLC
column. Apart from the test samples, each analytical run
consisted of the six calibration standards, duplicate quality
control samples (at three concentration levels) and a drug-
free serum sample that were randomly positioned in the
HPLC autosampler.

2.8 Analytical methods validations

All analytical methods were developed and validated in-
house. The validation of the analytical methods of para-
cetamol, diclofenac and carbamazepine in rats’ serum
included specificity, linearity of response, accuracy, pre-
cision, Limit of Quantification (LOQ) validations and sta-
bility as detailed in Table 2. The validation data were
generated from the seven points plotted standard curves,
including LOQ samples, along with three different con-
centrations of quality control (QC) samples for each drug.

2.9 Data analysis

Pharmacokinetic parameters for the measured serum drug
concentrations were calculated by non-compartmental ana-
lysis (NCA) using Kinetica™ software version 5 (Thermo
Fisher Scientific Inc., Waltham, MA, USA). The pharma-
cokinetics were characterized by maximum concentration in
serum (Cypax), time to maximum serum concentration (7;,x)
and AUC between zero time (pre-drug administration) and
last sampling time post-dosing (AUCgy_j,s). All data are
expressed as mean == SEM. Results were analyzed by two-
tailed Student’s ¢ test. The acceptable level of significance
was established at P < 0.05.

3 Results
3.1 Method validations

Validation data of the presented HPLC methods are sum-
marized in Table 2. The developed methods for analyzing
paracetamol, diclofenac sodium and carbamazepine in rat
serum showed convenient linearity in the tested concentration
ranges. The precision and the accuracy of the used methods
were satisfactory. The presented methods can be described as
rapid, precise, sample-saving and considerably stable for
analyzing rat serum samples of the three investigated drugs.
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Table 2 Validation data of the HPLC methods used for analyzing paracetamol, diclofenac sodium or carbamazepine in Sprague-Dawley rats’

serum
Test drug Paracetamol Diclofenac sodium Carbamazepine
Method specificity Specific Specific Specific
Linearity (correlation coefficient, r) 0.9989 0.9994 0.9994
Regression equation y = 0.1173x + 0.0034 y = 0.6584x + 0.0185 y = 0.2957x + 0.0098
Range (pg/ml) 0.20-20 0.025-2 0.05-5
Method accuracy (%) 98.11 102.05 101.67
Method precision (% RSD) 3.48 1.52 2.40
Limit of quantification LOQ (pg/ml)
Theoretical (pg/ml) 0.200 0.025 0.05
Measured (mean £ SD, pg/ml) 0.199 £ 0.010 0.0214 £ 0.001 0.048 £ 0.005
% Recovery (mean £ SD, pg/ml) 99.6 £ 4.8 87.1 £53 95.8 £ 10.8
% Recovery range (min-max) 89.0-105.5 77.8-96.1 84.6-114.6
Precision (% RSD) 4.84 6.03 11.24
Method stability
QC samples (pg/ml) (low, mid, high) 0.60, 5.00, 8.50 0.075, 1.25, 1.75 0.15, 2.50, 4.00

Stable for 24 h
Stable for 6 h

At 8 °C, autosampler

At room temperature, bench
At —40 °C, Freeze-Thaw
Solution stability

Stable for 3 cycles (24 h/cycle)
Stable for 6 weeks in refrigerator

Table 3 Pharmacokinetic parameters of paracetamol, diclofenac sodium and carbamazepine administered rats

Drug Group Pharmacokinetic parameter
Cinax (Hg/ml) Tinax (h) AUCy6 (ng/ml x h)
Paracetamol DW 14.07 £ 1.09 0.5 £ 0.00 27.71 £ 297
GFJ single 13.63 £ 2.06 0.6 £ 0.09 28.45 + 4.33
GFJ multiple 9.71 + 0.92* 0.5 + 0.00 13.49 £ 1.15%
Diclofenac sodium DW 1.65 + 0.23 0.5 + 0.00 341 £+ 0.37
GFJ single 1.63 + 0.28 0.5 £ 0.00 3.20 £ 0.35
GFJ multiple 1.95 £ 0.11 0.5 £ 0.00 4.8 £ 0.08*
Carbamazepine DW 5.04 £ 0.31 2.6 £0.33 2771 £ 1.17
GF]J single 5.05 £ 0.43 2.6 £0.33 27.14 £ 1.38
GFJ multiple 7.88 £ 1.22% 42 £ 1.20 43.59 £ 3.44*

Rats were administered water (DW), single dose of grapefruit juice (GFJ Single) or multiple doses of grapefruit juice (GFJ Multiple) before the
drug administration. Data are presented as mean = SEM of five to six independent experiments

# P < 0.05 compared to DW only, * P < 0.05 compared to both DW and GFJ Single groups

Since all validations were performed on serum samples
obtained from GFJ-untreated rats, selected serum samples
obtained from GFJ-administered rats, post 30 min of GFJ
intake, were also spiked with the drugs and their corre-
sponding internal standards. It was observed that none of GFJ
components was co-eluted with any of the spiked drugs.

3.2 Effect of GFJ ingestion on paracetamol
pharmacokinetics

The mean serum concentration—time profiles of paraceta-
mol following ingestion of single and multiple doses of

GFJ compared to water-administered rats are illustrated in
Fig. 2 while the key pharmacokinetic parameters of para-
cetamol—-GFJ interactions are summarized in Table 3. The
kinetic parameters of paracetamol following a single
administration of GFJ were not altered compared to DW
group (P > 0.05). However, significant reductions in the
Ciax and AUC were obtained when rats were pre-admin-
istered multiple doses of GFJ (P < 0.05). The percentage
of reduction in the C,,, and AUC were calculated as 31
and 51 %, respectively, compared to DW control group.
The Ty« values were comparable in all groups without any
noticeable shifting.
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Fig. 2 Paracetamol serum concentration versus time profiles. Rats
were randomized into groups and pre-administered water (DW), a
single dose of grapefruit juice (GFJ Single) or multiple doses of
grapefruit juice (GFJ Multiple) prior paracetamol (10 mg/kg) oral
administration. Each data point represents the mean £ SEM of five to
six independent experiments
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Fig. 3 Diclofenac sodium serum concentration versus time profiles.
Rats were randomized into groups and pre-administered water (DW),
a single dose of grapefruit juice (GFJ Single) or multiple doses of
grapefruit juice (GFJ Multiple) prior Diclofenac sodium (2 mg/kg)
oral administration. Each data point represents the mean £+ SEM of
five to six independent experiments

3.3 Effect of GFJ ingestion on diclofenac sodium
pharmacokinetics

Results of pharmacokinetic interaction between GFJ and
diclofenac sodium are illustrated in Fig. 3 and Table 3.
Multiple GFJ administration propagated the serum con-
centration profile of diclofenac sodium where the AUC
mean values were significantly increased compared to both
single GFJ and DW groups (P < 0.05). However, the C,ax
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Fig. 4 Carbamazepine serum concentration versus time profiles. Rats
were randomized into groups and pre-administered water (DW), a
single dose of grapefruit juice (GFJ Single) or multiple doses of
grapefruit juice (GFJ Multiple) prior carbamazepine (30 mg/kg) oral
administration. Each data point represents the mean £ SEM of five to
six independent experiments

and T,.x were not changed following multiple GIJF
administration. On the other hand, no significant alterations
were seen in the reported pharmacokinetic parameters of
diclofenac sodium when rats were administered a single
dose of GFJ (P > 0.05).

3.4 Effect of GFJ ingestion on carbamazepine
pharmacokinetics

Multiple GFJ administration to rats significantly increased
the serum concentration of carbamazepine compared to
single GFJ administration (Fig. 4). The calculated AUC of
carbamazepine following multiple GFJ administration was
nearly doubled compared to the other groups (P < 0.05).
The Cy,.x Was also increased in the case of multiple GFJ
administration (P < 0.05) while a considerable shift in the
Tmax Was noticed but rather insignificantly (P > 0.05) due
to the presence of high variation (Table 3).

4 Discussion

Many pharmacokinetic studies have demonstrated that GFJ
can increase the bioavailability of drugs from an array of
therapeutic classes as a result of irreversible inhibition of
CYP3A4 by furanocoumarins present in the juice. How-
ever, due to the presence of multiple phytochemical com-
ponents in GFJ, other mechanisms might be involved in
reducing the bioavailability of some drugs when co-
administered with GFJ. Most of these mechanisms, how-
ever, lack clinical evidence (Hanley et al. 2011).
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Available information on in vivo interactions between
GFJ and paracetamol is limited. A previous finding showed
that salivary levels of paracetamol in human were reduced
following concurrent administration of GFJ (Qinna et al.
2012). The current research was initiated to confirm such
an interaction preclinically in rats.

Therefore, validated rat serum sampling and analysis
procedures were utilized to reveal any in vivo pharmaco-
kinetic interactions that might occur in rats between para-
cetamol and GFJ compared to diclofenac sodium and
carbamazepine.

In the current research, paracetamol bioavailability was
confirmed to be reduced in rats after multiple GFJ con-
sumption as evident by significant reductions in the Cp,.x
and AUC by 31 and 51 %, respectively. On the other hand,
a single dose of GFJ did not affect any of the tested
parameters (Table 3). On the other hand, serum levels of
diclofenac sodium and carbamazepine, both used as posi-
tive controls for GFJ-drug interactions, were significantly
increased post-multiple GFJ ingestion in rats (P < 0.05). A
single dose of GFJ was also found ineffective in modu-
lating the pharmacokinetic parameters of both control
drugs. It has been reported that concomitant administration
of a single dose of GFJ is sufficient to produce considerable
pharmacokinetic interactions with some drugs in human
and rats (Boddu et al. 2009; Takanaga et al. 2000). This
effect, however, can last for 72 h post-GFJ intake (Taka-
naga et al. 2000).

Since diclofenac and carbamazepine have been previ-
ously reported being highly metabolized by CYP450, the
increase in their bioavailability following multiple GFJ
ingestion was expected (Garg et al. 1998; Zhu and Zhang
2012). For example, in a pharmacokinetic interaction
between diclofenac and GFJ in Wistar rats, it was found
that plasma levels of diclofenac were elevated following
repeated administration of GFJ (Cuciureanu et al. 2008).
Moreover, it was found that GFJ can directly potentiate the
anti-inflammatory action of diclofenac in rats (Mahgoub
2002) and can indirectly ameliorate diclofenac-induced
intestinal toxicity in mice (Zhu and Zhang 2012); effects
that have also been related to the inhibition of intestinal
CYP450. On the other hand, it was reported in a clinical
trial that human plasma concentration of carbamazepine
was significantly increased when ingested concomitantly
with GFJ compared to water (Garg et al. 1998).

As a relatively safe and widely investigated drug, the
pharmacokinetic of paracetamol is well established (Pres-
cott 1980). The absorption of paracetamol from human GIT
is usually rapid in which the peak plasma concentration is
attained within 30-60 min. Nonetheless, the absorption of
paracetamol is somehow dependent on gastric emptying
and, therefore, drugs that alter gastric emptying can change
its pharmacokinetics (Toes et al. 2005). Paracetamol

becomes distributed into most tissues of the body, and
plasma protein binding is negligible at therapeutic doses
(Kalantzi et al. 2006). Paracetamol is mainly metabolized
in the liver, and to a less degree in the intestine and kid-
neys, which occurs by conjugation. These conjugates are
eliminated mainly through urine. However, only small
amount of paracetamol (about 1 %) is metabolized by
CYP450 in an oxidative pathway forming N-acetyl-p-
benzoquinone imine (NAPQI) which is later conjugated
with glutathione and excreted (Bessems and Vermeulen
2001; Laine et al. 2009). Since NAPQI is a toxic metab-
olite, most research attempts were directed towards para-
cetamol’s overdose and liver toxicity. The main reported
drug—food interaction of paracetamol, however, is with
alcohol consumption that has been also linked to hepato-
toxicity and CYP450 (Wolf et al. 2007; Prescott 2000).

Indeed, two scientific articles were found in the litera-
ture reporting the impact of ingesting GFJ with paraceta-
mol. The first study was conducted by Samojlik and his
colleagues in 1999 while investigating the analgesic effect
of paracetamol on acetic acid-induced Writhing behavior in
mice following single and multiple GFJ ingestion (Sam-
ojlik et al. 1999). Paracetamol was found to be active in
reducing the irritant effect of acetic acid but only following
chronic administration of GFJ. Unfortunately, this study
was not supported by any pharmacokinetic data. The sec-
ond study was presented, as a short communication, by
Dasgupta et al. in 2008. The investigators confirmed a
positive interaction between paracetamol and white GFJ in
mice (n = 3) and illustrated that paracetamol serum levels
were increased (Dasgupta et al. 2008). Unfortunately, the
authors were only capable of calculating the half-life of
paracetamol that did not differ between the GFJ treated and
non-treated mice. Furthermore, by using only two sampling
interval points at 1 and 2 h post-paracetamol administra-
tion, it was difficult to extract any other pharmacokinetic
parameter of paracetamol from their presented preliminary
data. Nonetheless, such previously reported positive inter-
action between paracetamol and GFJ in mice (Dasgupta
et al. 2008; Samojlik et al. 1999) might suggest future
comparative studies between mice and rats on such an
interaction. Although similarity of drug metabolism
between rodents and human do exist, it is currently a fact
that rats are more resistant to paracetamol’s liver toxicity
than mice (McGill et al. 2012). Therefore, extrapolation of
results from rodents to humans has always been advised to
be done with caution (Martignoni et al. 2006).

In this study, the decrease in paracetamol bioavailability
seems not to be related to change in gastric emptying time
since GFJ ingestion had been previously reported increas-
ing blood concentrations of many drugs presumably by
slowing down gastric emptying (Lilja et al. 1998; Odou
et al. 2005). Furthermore, GFJ is acidic in nature and is
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unlikely to affect the absorption of the acidic paracetamol
(pKa 9.5 at 25 °C) (Prescott 1980). Since the pre-hepatic
metabolism of paracetamol is known to be minimal,
mechanisms other than modulating intestinal CYP450 by
GFJ might be involved in reducing paracetamol bioavail-
ability. It was found that organic anion-transporting poly-
peptide (OATP) is expressed in both human liver and
intestinal epithelial cells (Grandvuinet et al. 2012; Shitara
et al. 2013). The reduction of bioavailability of some drugs
was attributed to the decreased intestinal uptake by inhib-
iting this transporter protein following GFJ consumption.
For example, Dresser and his colleagues expressed that
reduced bioavailability of fexofenadine was possibly due to
direct inhibition of intestinal uptake by intestinal OATP
(Dresser et al. 2002, 2005). Later, the same group reported
that naringin, a flavonoid present in GFJ, was a major
selective inhibitor of OATP1A2 and decreased oral fexo-
fenadine bioavailability clinically (Bailey et al. 2007).
Recently, it was found that naringin and hesperidin are the
major OATP2B1 inhibitors in GFJ and orange juice,
respectively (Shirasaka et al. 2013a). In another study,
however, Shirasaka and his colleagues also confirmed that
apple juice and orange juice, to a lesser extent, induced a
remarkable decrease in OATP2B1-mediated estrone-3-
sulfate uptake in a concentration-dependent manner,
whereas GFJ had no effect. The complexity of fruit juices
interactions in vivo was accordingly concluded (Shirasaka
et al. 2013b).

Although conflicting reports illustrated that GFJ can
induce or inhibit both intestinal and hepatic P-gp efflux
pumps, considerable evidence indicates that GFJ has
minimal effect on P-gp that is dependable on the dose of
GFJ (Hanley et al. 2011). Inline with our results, however,
a previous study reported a reduction in diltiazem bio-
availability in Wistar rats following repeated GFJ admin-
istrations and pointed out that a single dose exposure to
GFJ showed no effect on P-gp, whereas multiple dose
administration of GFJ resulted in increased levels of P-gp
expression and decreased levels of OATP (Boddu et al.
2009).

5 Conclusions

Frequent administration of a large amount of white GFJ
was confirmed to modulate the pharmacokinetics of para-
cetamol in Sprague-Dawley rats by reducing its bioavail-
ability. The mechanism of such drug interaction is not
defined so far. Due to the complexity and overlapping
mechanisms of drug—GF]J interactions, correlation studies
between in vivo and in vitro interactions of paracetamol
with GFJ are warranted. Further investigations are also
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required to confirm and link the observed reduction of
paracetamol bioavailability with its therapeutic effect.
Meanwhile, it may be advisable not to ingest large amounts
of GFJ along with paracetamol to avoid a possible potential
loss of efficacy.
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