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Determination of Naringin in Rat Blood, Brain, Liver, and Bile
Using Microdialysis and Its Interaction with Cyclosporin A, a
P-Glycoprotein Modulator
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National Research Institute of Chinese Medicine, and Institute of Traditional Medicine,
National Yang-Ming University, Taipei 112, Taiwan

To determine naringin levels in various biological fluids, we developed an in vivo microdialysis
technique coupled with a microbore HPLC system to investigate the pharmacokinetics of naringin
and its interaction with cyclosporin A in rat blood, brain, liver, and bile. After naringin administration,
naringin was undetectable in the brain; the distribution ratios of area under the curve (AUC) of liver
over that in blood (AUCiye/AUCyi004) and of AUC of bile over that in blood (AUCiie/AUChioq) Of Naringin
were 5.39 £+ 0.94 and 29.17 + 3.58, respectively. When cyclosporin A (20 mg/kg) was concomitantly
administered with naringin (30 mg/kg), the naringin was detected in brain dialysate, but the distribution
ratios of liver and bile showed no statistical difference. These results suggest that naringin was
concentrated in the liver and bile by the processes of active transport. The blood—brain barrier
penetration of naringin may be enhanced by P-glycoprotein inhibitor; however, the pathway of
hepatobiliary excretion of naringin may not be related to the P-glycoprotein.

KEYWORDS: Blood —brain barrier; cyclosporin A; disposition; hepatobiliary excretion; microdialysis;
naringin; P-glycoprotein; pharmacokinetics

INTRODUCTION pharmacokinetic studiesr,(8). Over the past several years,

Naringin is the predominant bioflavonoid in grapefruit and Microdialysis has been increasingly used in various animal
is also suggested as a potential cytochrome P450 inhilfijor ( experiments, for the in vivo samplm_g of unbound_ enqiogenous
Bioflavonoids derived from citrus fruits have been reported to ©f €x0genous compounds present in blood, brain, tissue, etc.
possess many biological functions, including preventive and (9 10). Sampling by this technique involves continuous
therapeutic effects on several diseases. The result of-ugy perfusion of_ fIU|d_ through microdialysis probes implanted in
interaction with grapefruit was to increase the oral bioavailability the appropriate tissue space.
of such drugs as midazolam, triazolam, felodipine, and nife- ~ Grapefruit juice bioflavonoids, including quercetin, have been
dipine. The increase in concentrations of these drugs whenreported to stimulate P-glycoprotein-mediated drug efflux from
administered concomitantly with grapefruit juice was attributed cultured tumor cellsX(1, 12). Therefore, it is of particular interest
to the inhibition of cytochrome P450 enzymes by naringenin, to study the effects of P-glycoprotein inhibitors on naringin
in which the sugar residue was removed from the grapefruit distribution. Although several P-glycoprotein inhibitors have
flavonoid naringin ). been described (e.g., cyclosporin A, verapamil, quinine, nife-

According to classical pharmacokinetics, only the protein- dipine, etc.), in consideration of the minimal acute peripheral
unbound drugs are available for redistribution or to react with cardiovascular side effects attributable to cyclosporin A, cy-
receptors and are therefore responsible for activating cellular closporin A was employed in this study. Very few studies have
responses. To determine the pharmacokinetics of the protein-been published concerning the effects of P-glycoprotein inhibitor
unbound form of naringin in rats, we employed in vivo drugs on the pharmacokinetics of naringin.
microdialysis techniques to obtain the protein-free naringin from  Naringin has been reported to be eliminated through urinary
rat blood, brain, liver, and bile samples derived simultan- excretion (3). However, the biliary excretion of naringin
eously B, 4). Microdialysis sampling techniques were origin- remains unclear. In addition to investigating the liver level and
ally developed to allow in vivo sampling of neurotrans- biliary excretion of naringin, we designed concentric flow-
mitters released in the brairb,(6). Techniques have subse- through microdialysis probes for the sampling of naringin from
quently been extended to encompass pharmacological andiver and biliary fluid samples following intravenous naringin
administration. Therefore, the pharmacokinetics of naringin in
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MATERIALS AND METHODS kg) was injected via the femoral vein 10 min prior to naringin. The
. . . total injection volumes of naringin and cyclosporin A were 1 and 2
Chemicals and ReagentsNaringin was purchased from Sigma ) g “respectively. The blood, brain, liver, and bile dialysates were
Chemical Co. (St Louis, MO). Cyclosporin A (Sandimmun) was .,nnected to an on-line injector (CMA 160) and a fraction collector
obtaln_ed from Novartis Pharma (Basel, Swnzerlanc_i). Liquid chromato- (CMA/140). The sampling interval was 10 min for each probe. Blood,
graphic grade solvents and reagents were obtained from E. Merckp,ain jiver, and bile dialysates were measured by a microbore HPLC
(Darmstadt, Germany). Triply deionized water (Millipore, Bedford, MA) system on the same day as the experiment. To investigate the dose-

was used for all preparations. _ ) _ related phenomenon, a higher dose of naringin (100 mg/kg) was
Animals. All experimental protocols involving animals were re-  gqministered.

viewed and approved by the institutional animal experimentation  pecovery of Microdialysis. For in vivo recovery, the blood, brain,
committee of the National Research Institute of Chinese Medicine. Male liver, and bile microdialysis probes were inserted into the jugular vein,

specific pathogen-free SpragtBawley rats were obtained from the  gyiatym, liver, and bile duct under anesthesia with urethane. Perfusate

Laboratory Animal Center of the National Yang-Ming University, gqy,tion containing naringin was passed through the microdialysis probe
Taipei. Before experimentation, animals were allowed a one-week i o constant flow rate (L/min) using an infusion pump (CMA/
acclimation period at the animal q_uarters with air_conditipning gnd an 100). Two hours after probe implantation, the perfus@g and
automatically controlled photoperiod of 12 h .of light daily. Animals dialysate Caa) concentrations of naringin were determined by HPLC.
had free access to food (laboratory rodent diet no. 5P14, PMI FeedSpe reative recoveriedR(a), in vivo, of naringin across the microdi-
Inc., Richmond, IN) and water until 18 h prior to experimentation, at 4\ysis probes inserted in the rat blood, brain, liver, and bile were calcu-
which time food was removed. The rats were initially anesthetized with |5teq according to the following equatiomya = (Cpert — Ceial)/Cper.
urethane (1 g/mL) and:-chloralose (0.1 g/mL) (1 mL/kg i.p.) and
remained anesthetized throughout the experimental period. The femoraltio
vein was exposed for further drug administration. During the experi-
ment, rat body temperature was maintained af@7using a heating

Pharmacokinetic Application. Naringin microdialysate concentra-

ns (Cm) were converted to unbound concentrati@)(as follows:

Cu = Cw/Raia. Pharmacokinetic calculations were performed on each

individual set of data using the pharmacokinetic calculation software

pad. . . WinNonlin Standard Edition Version 1.1 (Scientific Consulting Inc.,
Chromatogrqphy. The chromatographic system consisted of a Apex, NC) by the noncompartmental meth@8), The areas under

chromatographic pump (BAS PM-80, BAS, West Lafayette, IN), an  ihe cyryes (AUCs) from time zero to time infinity were calculated by

on-line injector (CMA/160, CMA, Stockholm, Sweden) equipped wWith ¢ (ranezoidal rule and extrapolated to time infinity by the addition of

a 10uL sample loop, and a UV/vis detector (Varian, Walnut Creek, ayc,_;,. The AUC values were thus given by the sum of the products

CA). Samples obtained were separated using a reverse-phase C18t the measured concentrations and the collection time interval, plus

COILE:_“” (150x 1 mm;_rsum).bﬁ:hr(r)]matograp_hy \c,iva? perforbmef? a(t che residual area; that is, AUE AUCq_ + AUC i

ambient temperature. The mobile phase consisted of citrate buffer (p et

50)andcceonirieo 1 1 ammium acette (17 G572, R 1 ™ e eSO s epesented s st oo o

This mobile phase was filtered with a 0.2% Millipore membrane (SPSS version 10.0, SPSS, Chicago, IL) to compare between the control

prior totb?ir(ljgogsecli_/for eI;J_tri]on. Thel chr?r:ne:ctogrqphic pumg f:OW r_ated (naringin-treated alone) and cyclosporin A-treated groups. The level
was set at 0.05 mL/min. The wavelength of naringin was determined significance was set at < 0.05.

to be 283 nm. The output signal from the HPEOV/vis detector was

recorded using an EZChrom chromatographic data system (Scientific

Software, San Ramon, CA). RESULTS
Microdialysis Experiment. Blood, brain, liver, and bile microdi-

alysis systems consisted of a CMA/100 microinjection pump and the : g . -
appropriate microdialysis probes. The dialysis probes for blood (10 cal fluids are shown irFigure 1. Separation of naringin from

mm in length), brain (3 mm in length), liver (10 mm in length), and endog_enous ch_emlcals in blolpglcal dialysates was achieved in
bile (7 cm in length) were made of silica glass capillary tubing arranged @n Optimal mobile phase containing 83% of 25 mM citrate buffer
in a concentric desigrﬂ_@’ 15) The t|ps of the tubes were covered by (pH 50), 0.1% tr|ethy|am|ne, and 17% acet0n|tr|le. The retention
a dialysis membrane (15@m outer diameter with a nominal molecular ~ time of naringin was about 6 min, and the peak was identified
weight cutoff of 13 000; Spectrum Co., Laguna Hills, CA), and all by its UV spectrum with a Waters 996 photodiode array detector
contact points were cemented with epoxy. To allow adequate time for (Waters 2695, Waters, Bedford, MA). The calibration curve of
the epoxy to dry, the probes were made at least 24 h prior to use.  naringin was obtained prior to LC analysis of dialysates over
The blood and liver microdialysis probes were positioned within concentration ranges of 0.830 ug/mL. This microbore
the jugular vein/right atrium and the median lobe of the liver, ~chromatographic system has been validated for both inter- and
respectively, and then perfused with anticoagulant dextrose (ACD) jniraday accuracy, and the determined limits of this precision
solution (3.5 mM citric acid, 7.5 mM sodium citrate, 13.6 mM dextrose) assay have been deemed acceptable. The limit of quantification
at a flow rate of 1luL/min using the CMA microinjection pump. . ;
was 0.05ug/mL. To measure the samples with concentrations

The bile duct microdialysis probes were constructed in-house, | . ; .
according to the design originally described by Scott and Lub& ( higher than 1Qg/mL, another calibration curve (300 ug/

This bile microdialysis method has been reported in our previous studies ML) was used. The chromatograms of a blank blood, brain, liver,

Typical chromatograms of naringin sampled from the biologi-

(17-20). and bile dialysate indicate that none of the observed peaks
For brain microdialysis, the rat was mounted on a stereotaxic frame interfered with the analyte.
and perfused with Ringer’s solution (147 mM N&.2 mM C&*, 4 Figure 1A shows the chromatogram of a blood dialysate

mM K™; pH 7.0). After being washed with Ringer's solution ata flow  sample containing naringin (0.2&/mL) collected 30 min after
rate of 2yL/m|n_, the microdialysis probe was implanted in the right naringin administration (30 mg/kg, i.vfigure 1B shows the
striatum (coordinates: AP 0.4 mm, ME3.0 mm, DV —7.0 mm) chromatogram of a brain striatal dialysate sample containing
according to the Paxinos and Watson atl2%).(The positions of the naringin (0.06ug/mL) collected 30 min after co-administered
probes were verified by standard histological procedure at the end of with cyclosporin A (20 mg/kg) and naringin (30 mg/kg, i.v.)

h i . Thi hod h iousl . : . P
the experiments. This method has been previously repoP&d ( Figure 1C shows the chromatogram of a liver dialysate sample

Drug Administration. After a 2-h postimplantation period, an o S . .
intravenous dose of drug was administered via the femoral vein. containing naringin (40.08:g/mL) obtained 30 min after

Cyclosporin A (10 mg/mL) was produced by diluting cyclosporin A naringin administration (30 mg/kg, i.vfigure 1D shows the
injectable solution with a 5% dextrose/water solution. Naringin (30 Chromatogram of a bile dialysate sample containing naringin
mg/kg) was administered intravenously to the control graup-(6). (329.03ug/mL) obtained 30 min after naringin administration
For the cyclosporin A-treated group & 6), cyclosporin A (20 mg/ (30 mg/kg, i.v.). To optimize the naringin separation from the
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Figure 1. (A) Typical chromatogram showing a blood dialysate sample containing naringin (0.23 ug/mL) collected 30 min after naringin administration

(30 mglkg, i.v.). (B) Chromatogram of a brain striatal dialysate sample conta
cyclosporin A (20 mg/kg) and naringin (30 mglkg, i.v.). (C) Chromatogram of a |

ining naringin (0.06 «g/mL) collected 30 min after co-administration of
iver dialysate sample containing naringin (47.08 w«g/mL) obtained 30 min

after naringin administration (30 mg/kg, i.v.). (D) Chromatogram of a bile dialysate sample containing naringin (329.03 w«g/mL) obtained 30 min after

naringin administration (30 mg/kg, i.v.). 1, Naringin.

dialysate of bile fluid, the acetonitrile concentration and the pH
value of the buffer solution were modified from the conditions
described in a previous repo24).

In vivo recoveries of naringin were 144 1.1% ( = 6) for
blood (1ug/mL), 4.3+ 0.6% ( = 6) for brain (1ug/mL),
21.44+ 0.9% ( = 6) for liver (1 ug/mL), and 73.8+ 1.2% {
= 6) for bile (10ug/mL). The in vivo recovery (or dialysis
efficiency) can be affected by certain factors, mostly physical

in nature, such as temperature and perfusion rate. The materials

used in the construction of the probe and the final dimensions
of the probe can also affect dialysis efficiency. Thus, drug
concentration in the biological fluid must be corrected by the
recovery.

The concentration versus time curves of naringin in blood,
brain, liver, and bile are shown iRigures 2—5, respectively.
The pharmacokinetic profiles of unbound naringin in rat blood,
brain, liver, and bile in both control and cyclosporin A-treated
groups are presented Trable 1. The pharmacokinetic profiles
indicate that naringin in blood appears to be dose-related in the
dosage ranges of 300 mg/kg. Cyclosporin A increased
naringin concentration at a dose of 30 mg/kggre 2).

It was not possible to detect naringin in the brain at the lower
dose of 30 mg/kg; however, concomitant with cyclosporin A,
naringin became detectable in the brain at low levEigyre
3). The brain penetration of naringin, defined as the blood-to-
brain distribution ratio K value), was calculated by dividing
the naringin AUC in brain by the naringin AUC in blooH €
AUCpaifAUChi00d) (4). The k value of naringin in brain at a
dose of 100 mg/kg is 0.0068, suggesting a poor biamein
barrier (BBB) penetration of naringirr&ble 2).

Naringin concentration in the median lobe of the liver was
statistically higher than that in blood. The distribution ratiks (
value) in liver were 5.3% 0.94 and 5.83t 0.67 for doses of
30 and 100 mg/kg, respectivellgigure 4). Cyclosporin A does
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Figure 2. Mean naringin level in rat blood after naringin (30 and 100
mg/kg, i.v.) injection and with cyclosporin A (20 mg/kg, i.v.) co-administered.
Data are presented as mean + standard error of the mean (n = 6).

not significantly change the distribution ratio in liver at a dose
of 30 mg/kg Table 1).

The amount of naringin, as estimated from the AUC, in bile
against the concentration gradient was significantly greater than
that in blood, suggesting that naringin might be excreted actively
into the bile Figure 5). Although these results indicate that
the cyclosporin A-treated group showed increased naringin
levels in all biological fluids, the distribution ratios of blood to
liver (AUCiyer/AUCyi009) and blood to bile (AUGie/AUChio0d)
were not affected Table 1). The same tissues distribution
phenomena have also been found at higher dosages of naringin
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Figure 3. Mean naringin level in rat brain after naringin (100 mg/kg, i.v.)
injection alone and naringin (30 mg/kg, i.v.) injection with cyclosporin A
(20 mg/kg, i.v.) co-administered. Data are presented as mean + standard
error of the mean (n = 6).

Time (min)

Figure 5. Mean naringin level in rat bile after naringin (30 and 100 mg/
kg, i.v.) injection and with cyclosporin A (20 mg/kg, i.v.) co-administered.
Data are presented as mean + standard error of the mean (n = 6).

—O— Naringin (30 mg/kg)
—w— Naringin (100 mg/kg)
—v— Naringin (30 mg/kg)

+ Cyclosporin A (20 mg/kg)

Table 1. Pharmacokinetic Data of Naringin (30 mg/kg) in Rat Blood,
Brain, Liver, and Bile, Both with and without Cyclosporin A (20 mg/kg)
Co-administered?

1000 5 naringin (30 mg/kg)
é drug treatment without cyclosporin A with cyclosporin A
. T Blood
T 100 3 AUC (min gg/mL) 667.96 + 62.57 1450.82 + 152.25°
? ] Brain
= ] Tnax (Min) nd 20.00 + 4.47
D 40 Conax (g/mL) nd 1.86 +0.96
£ E AUC (min pg/mL) nd 83.38 +40.03
5 E
z ] Liver
o) ] Tmax (Min) 2833+ 1.67 46.67 +9.19
2 1 Cnax (eg/mL) 108.11 % 24.49 71.32 + 48,53
3 AUC (min zg/mL) 3599.36 + 626.55 5161.07 + 3443.48
] Bile
0.1 Trmax (min) 31.67 + 167 50.00 * 3.65
: T T T T | Crnax (ug/mL) 488.28 + 66.68 468.18 + 85.61
0 60 120 180 240 300 AUC (min ug/mL) 19481.60 + 2394.06 31715.60 + 5836.99
Time (min) AUChrain/ AUChiood nd 0.057 +£0.027
. . . . . AUC;ie/AUC 5.39 £ 0.94 3.56 £2.37
Figure 4. Mean naringin level in rat liver after naringin (30, 100 mg/kg, AUCL AU 5017 + .58 5186 4 4.00

i.v.) injection and with cyclosporin A (20 mg/kg, i.v.) co-administered. Data
are presented as mean + standard error of the mean (n = 6).

@ Data are expressed as mean + standard error of the mean (n = 6). nd, Not
detectable. ® P < 0.05 significantly different from the group without cyclosporin A
(100 mg/kg) Table 2). The results suggest that the concentration co-administered.

process of naringin has been carried out in the hepatobiliary

excretion. determine drug distribution in the brain. However, only single
concentratiortime points can be provided in such tissue
DISCUSSION homogenization studies, because the experimental animals need

to be sacrificed to obtain the samples. Thus, to obtain a complete
The results revealed the mechanism of the elimination brain drug concentratieatime profile, it is necessary to use

pathway for hepatobiliary excretion of naringin. Microdialysis many animals, and inter-animal variation often compromises
makes it possible to perform simultaneous and multiple sampling the accuracy of the results. In particular, to study drug
from biological fluids of smaller animals with anesthetized or distribution from blood to brain, i.e., measuring the distribution
freely moving status. Simultaneous multiple-site sampling in a ratio on the same animal, the drug concentration in the peripheral
single rat of blood, brain, liver, and bile has been developed in circulation and central nervous system should be measured
this study. Because there is no loss of biological fluids, simultaneously. Microdialysis has recently taken into account
microdialysis offers a number of advantages for pharmacokinetic the major advanced sampling method with continuous, multiple
studies, such as long sampling time and higher temporal sites and minimum tissue damage. These advantages of mi-
resolution. A tissue homogenate technique has been utilized tocrodialysis have received the most attention and are widely used



Determination of Naringin in Biological Fluids

Table 2. Pharmacokinetic Data of Naringin (100 mg/kg) in Rat Blood,
Brain, Liver, and Bile?

parameter estimate

Blood

AUC (min g/mL) 3507.31 + 516.77
Brain

Tmax (Min) 16.67 +3.33

Crnax (ug/mL) 0.82£0.22

AUC (min zg/mL) 23.78 + 8.38
Liver

Tmax (Min) 31.67 £1.67

Crax (ug/mL) 481.22 + 7259

AUC (min zg/mL) 20444.70 + 2353.76
Bile

Trax (Min) 38.00 + 4.90

Crnax (1eg/imL) 116251 + 63.67

AUC (min ug/mL) 78258.00 + 14355.60

AUChrain/AUChiood 0.0068 + 0.0024

AUCiver/AUCpiood 5.83 +0.67

AUChiie/AUChio0d 22.31+4.09

2 Data are expressed as mean +* standard error of the mean (n = 6).

in neuroscience and pharmacokinetic applications to the brain
(25). Naringin in brain dialysate could not be detected at the
smaller dose of 30 mg/kg, but it was measured at the higher
dose of 100 mg/kg. In the cyclosporin A concomitantly treated

group, naringin in the brain has been detected at the smaller

dose, suggesting that the influence of P-glycoprotein may be
related to naringin crossing the BBB. This mechanism has
confirmed P-glycoprotein on drug penetration of BBB5),
Besides blood and brain sampling, a specially designed flow-
through microdialysis probe provides a number of advantages
for the hepatobiliary excretior1 @) and enterohepatic circulation
(15) study. This technique offers the advantage that the bile
juice is not lost, and thus the physiological function of bile flow
is not interrupted. Davies and Lunt7) implanted three
microdialysis probes into three different liver lobes. In this case,
different metabolites have been identified due to regional
differences in the levels of enzyme activity. Our research

demonstrates that the sequential hepatobiliary excretion pathway

of drug concentration from blood, liver, and bile can be
simultaneously measured in the same rat. The naringin con-
centrations were gradually increasing from blood to bile, which
was related to the transportation mechanism. The distribution
ratios of AUC of liver and AUC of bile over that in blood of
naringin were 5.3% 0.94 and 29.174+ 3.58, respectively.
However, the hepatobiliary excretion pathway of naringin does
not diminish after cyclosporin A (a P-glycoprotein inhibitor)
administration Table 1).

Cyclosporin A is a cyclic undecapeptide whose larger
structure involved in the numerous hydrophilic and hydrophobic
compounds may be related to protein binding competit&8). (
Several reports suggest that grapefruit and its major ingredient,
naringin, are involved in a drugdrug interaction 29, 30). In
this study, the naringin AUCs in blood were 667.9662.57
and 1450.82t 152.25 for the groups treated with naringin alone
(30 mg/kg) and concomitantly treated with cyclosporin A,
respectively Table 1). Protein-unbound naringin concentration
in blood was significantly enhanced with cyclosporin A co-
administered. The concentration enhancement of naringin in
blood may be related to the competition of protein binding
resulting from the treatment with cyclosporin A. Not only the
naringin in blood AUC was increased, but also those in both
the liver and bile Table 1). This concentration process of
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naringin in liver and bile may be due to the inhibition of hepatic
enzyme activity and the P-glycoprotein transportation.

Naringin and its aglycon, naringenin, of the grapefruit
flavonoid have been found in urinary excretion of healthy adults.
The sugar moiety of naringin was removed by intestinal bacteria.
These results suggest that the glucuronidation of naringenin and
de-glucuronidation of naringin are the crucial steps in determin-
ing the bioavailability of the compound.§). In addition, our
study provides evidence for the dominant pathway of hepato-
biliary excretion of naringin, which goes through phase II
glucuronide conjugation. Furthermore, the mechanism of this
higher efficiency of hepatobiliary excretion of naringin may not
be regulated by the P-glycoprotein.

In conclusion, we have developed a specific, rapid, and
sensitive microbore HPLC method for the determination of
protein-unbound naringin in rat blood, brain, liver, and bile.
Current data obtained from rats show no significant impact of
concomitantly injected cyclosporin A on the pharmacokinetics
of naringin in rat blood, brain, liver, and bile.
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