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Abstract

A method of analysis of hesperetin (+/−-3,5,7-trihydroxy-4′-methoxyflavanone) in biological fluids is necessary to study the kinetics
of in vitro and in vivo metabolism and tissue distribution. A simple high-performance liquid chromatographic method was developed for
simultaneous determination of hesperetin enantiomers in rat serum, and rat and human urine. Serum and urine (0.1 ml) were precipitated with
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old acetonitrile after addition of the internal standard, 7-methoxycoumarin. Separation was achieved on a Chiralpak AD-RH co
V detection at 298 nm. The calibration curve was linear ranging from 0.5 to 100�g/ml for each enantiomer. The mean extraction efficie
as >98%. Precision of the assay was <5% (CV), and was within 5% at the limit of quantitation (0.5�g/ml). Bias of the assay was low

han 5%, and was within 5% at the limit of quantitation. The assay was applied successfully to the urinary excretion of hesperetin
umans.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Hesperidin [+/−-3,5,7-trihydroxy-4′-methoxyflavanone
-rhamnoglucoside] (Fig. 1) is a chiral flavanone-7-O-
lycoside consumed in oranges and other citrus fruits and
erbal products. The rutinose sugar moiety is rapidly cleaved
ff the parent compound to leave the aglycone bioflavonoid
esperetin (+/−-3,5,7-trihydroxy-4′-methoxyflavanone) also
chiral flavonoid (Fig. 2). There is current interest in the med-

cal use of bioflavonoids including hesperetin in the treatment
f a variety of cancers and vascular diseases[1].

Hesperetin has been previously quantified utilizing a va-
iety of methods[2–5]. All of these other methods have
verlooked the fact that hesperetin is a chiral compound.
here are, however, two reports demonstrating that multiple-
reido-covalent bonded methylated�-cyclodextrin columns
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supported on silica gel[6] and that multiple microcrystallin
cross-linked acetylcellulose (CTA) columns[7] can separat
hesperetin enantiomers although baseline resolution an
aration were poor. Unfortunately, some of these column
not commercially available, and separation and quanti
tion were not validated in biological matrices or applied
pharmacokinetics studies.

To our knowledge, no study has been published cha
terizing the separation of hesperetin enantiomers in pha
cokinetic studies as there are no validated direct met
of stereospecific analysis of hesperetin in the literature.
analytical column used was the Chiralpak AD-RH colu
which is packed with tris(3,5-dimethylphenylcarbama
derivative of amylose and can be utilized in the reve
phase. The present study describes a simple stereo
tive, isocratic, reversed-phase high performance liquid c
matography (HPLC) method for the determination of
enantiomers of hesperetin and its application to in vivo
netic studies.
731-7085/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2004.10.028
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Fig. 1. Structure of hesperidin. (*) Denotes chiral centre.

2. Experimental

2.1. Chemicals and reagents

Racemic hesperetin, hesperidin, 7-ethoxycoumarin,�-
glucuronidase Type IX A andH. pomatiaType-HP-2 were
purchased from Sigma Chemicals (St. Louis, MO, USA).
HPLC grade acetonitrile and water were purchased from J.T.
Baker (Phillipsburg, NJ, USA). Phosphoric acid was from
Aldrich Chemical Co. Inc. (Milwaukee, WI, USA). Minute
Maid® Orange Juice was purchased from a local grocery.
Rats were obtained from Charles River Laboratories. Ethics
approval for animal experiments was obtained from Wash-
ington State University. Human experiments were conducted
with written informed consent according to the principles of
the Declaration of Helsinki.

2.2. Chromatographic system and conditions

The HPLC system used was a Shimadzu HPLC (Kyoto,
Japan), consisting of an LC-10AT VP pump, a SIL-10AF auto
injector, a SPD-M10A VP spectrophotometric diodearray de-
tector, and a SCL-10A VP system controller. Data collec-
tion and integration were accomplished using Shimadzu EZ
Start 7.1.1 SP1 software (Kyoto, Japan). The analytical col-
umn used was Chiralpak AD-RH column (150 mm× 4.6 mm
i PA,
U and
p d un-
d ed ou
i
r m.

2

cu-
r tler)
a k to

make a stock standard solution in methanol with a racemic
concentration of 1 mg/ml. A methanolic stock solution of 7-
ethoxycoumarin (internal standard) was prepared similarly
with a concentration of 1 mg/ml. This solution was diluted
with methanol to make a working internal standard solution
of 25�g/ml. These solutions were protected from light and
stored at−20◦C between uses, for no longer than 3 months.
Calibration standards in serum were prepared daily from the
stock solution of hesperetin by sequential dilution with blank
rat serum or human and rat urine, yielding a series of con-
centrations namely, 0.5, 1.0, 5.0, 10.0, 50.0 and 100.0�g/ml
of each enantiomer in three replicates.

Quality control (QC) samples were prepared from the
stock solution of hesperetin by dilution with blank biological
fluid to yield target concentrations of 0.5, 1.0, 5.0, 10.0, 50.0
and 100.0�g/ml. The QC samples were divided into 0.1 ml
aliquots in micro centrifuge tubes and stored at−70◦C before
use.

2.4. Sample preparation

To the working standards or samples (0.1 ml) were added
25�l of internal standard solution (25�g/ml), and 1 ml of
cold acetonitrile in 2.0 ml Eppendorf tubes. The mixture
was vortexed for 1 min (Vortex Genie-2, VWR Scientific,
West Chester, PA, USA), and centrifuged at 15,000 rpm for
5 lter
I t was
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t DK-
3 with
2 ed
a d to
H m.

2

as-
s ions
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.d., 5�m particle size, Chiral Technologies Inc., Exton,
SA). The mobile phase consisted of acetonitrile, water
hosphoric acid (42:58:0.01, v/v/v), filtered and degasse
er reduced pressure, prior to use. Separation was carri

socratically at ambient temperature (25± 1◦C), and a flow
ate of 0.8 ml/min, with ultraviolet (UV) detection at 298 n

.3. Stock and working standard solutions

Twenty-five milligram of racemic hesperetin was ac
ately weighed on an analytical balance (AG245, Met
nd dissolved with methanol in a 25 ml volumetric flas

Fig. 2. Structure of hesperetin. (*) Denotes chiral centre.
t

min (Beckman Microfuge centrifuge, Beckman Cou
nc., Fullerton, CA, USA). The organic phase supernatan
ollected into culture tubes (10 mm× 75 mm) and evaporate
o dryness using a HetoVac concentrator (Heto-Holten,
450 Allerød, Denmark). The residue was reconstituted
00�l of mobile phase, vortexed for 1 min and centrifug
t 5000 rpm for 5 min. The supernatant was transferre
PLC vials and 20�l of the injected into the HPLC syste

.5. Precision and accuracy

The within-run precision and accuracy of the replicate
ays (n= 6) were tested by using six different concentrat
f hesperetin enantiomers, namely 0.5, 1.0, 5.0, 10.0,
nd 100.0�g/ml. The between-run precision and accur
f the assays were estimated from the results of six rep
ssays of QC samples on six different days within 1 w
he precision was evaluated by the relative standard d

ion (R.S.D.). The accuracy was estimated based on the
ercentage error of measured concentration to the actua
entration[8].

.6. Recovery

Recovery for hesperetin enantiomers from biological
ds was assessed (n= 6) at 0.5, 1.0, 5.0, 10.0, 50.0 a
00�g/ml and the recovery of the internal standard
thoxycoumarin was evaluated at the concentration us
ample analysis (25�g/ml). A known amount of hespere
r 7-ethoxycoumarin was spiked into 0.1 ml biological fl
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to give the above concentrations. The samples were treated as
described under section 2.4 and analysed by HPLC. The ex-
traction efficiency was determined by comparing the peak ar-
eas of hesperetin or 7-ethoxycoumarin to those of hesperetin
or 7-ethoxycoumarin solutions of corresponding concentra-
tion injected directly in the HPLC system without extraction.

2.7. Freeze-thaw and bench-top stability of hesperetin
samples

The freeze-thaw stability of hesperetin enantiomers was
evaluated at three concentrations 1.0, 5.0 and 50�g/ml, us-
ing QC samples. These samples were analysed in triplicate
without being frozen at first, and then stored at−70◦C and
thawed at room temperature (25± 1◦C) for three cycles.

The stability of hesperetin in reconstituted extracts during
run-time in the HPLC auto-injector was investigated using
pooled extracts from QC samples of three concentration lev-
els 1.0, 5.0, and 50.0�g/ml. Samples were kept in the sample
rack of the auto-injector and injected into HPLC system ev-
ery 4 h, from 0 to 24 h at the temperature of auto-injector
(26± 1◦C).

2.8. Urinary excretion of hesperetin in human and rat

After 3 days of a citrus-free diet and an overnight fast
a bot-
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p tified
a y the
h g
o
h and
2
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m the
d g/kg
r av-

age with a curved feeding needle attached to a syringe. This
dose of hesperidin has previously been shown to demonstrate
anti-inflammatory and analgesic activity in rats[9]. Urine was
collected 0–4, 4–8, 8–24 h and stored at−70◦C until anal-
ysis. Urine samples (100�l) were run in duplicate with or
without the addition of 40�l of 500 U/ml �-glucuronidase
IX-A and incubated in a shaking water bath at 37◦C with for
2 h to liberate any glucuronide conjugates[10].

2.9. Data analysis

Quantification was based on calibration curves con-
structed using peak area ratio (PAR) of hesperetin to internal
standard, against hesperetin concentrations using unweighted
least squares linear regression.

3. Results and discussion

3.1. Chromatography

Separation of hesperetin enantiomers and the internal stan-
dard in biological fluids was achieved successfully. There
were no interfering peaks co-eluted with the compounds of
interest (Fig. 3A and C). The order of elution was deter-
mined by taking a 150�l aliquot of lemon juice and sub-
jecting it to 200�l of H. pomatiaType-HP-2 enzyme[11].
T e is
i
a pec-
t tely
1

using
t y, in-
t fluid,
l ty,
s d re-
c ed to
a mers.

F e cont
i spereti
healthy 21 year old male subject (73 kg) drank three
les of Minute Maid® Orange Juice (236 ml each). The h
eretin enantiomer content in the orange juice was quan
nd it was determined that the total ingested dose b
ealthy volunteer was 69.13 mg ofR-hesperidin, 468.13 m
f S-hesperidin, 1.52 mg ofR-hesperetin and 15.85 mg ofS-
esperetin. Urine was collected at intervals between 0
4 h post-dose and stored at−70◦C until analysed.

A male Sprague-Dawley rat (200 g) was placed i
etabolic cage, and fasted for 12 h before dosing. On
ay of experiment, the rat was dosed orally with 200 m
acemic hesperidin in polyethylene glycol 400 via oral g

ig. 3. Representative chromatograms, of (A) drug-free urine, (B) urin
nternal standard (IS), and (C) 6 h human urine sample containing he
he predominant enantiomer of hesperidin in lemon juic
n theS(−)configuration[12–13]. The retention times ofR-
ndS-hesperetin were approximately 15 and 24 min, res

ively (Fig. 3B). The internal standard eluted at approxima
2 min.

The performance of the HPLC assay was assessed
he following parameters, namely peak shape and purit
erference from endogenous substances in biological
inearity, limit of quantitation (LOQ), freeze-thaw stabili
tability of reconstituted extracts, precision, accuracy an
overy. Various compositions of mobile phase were test
chieve the best resolution between hesperetin enantio

aining hesperetin (HP) enantiomers each with concentration of 1.0�g/ml and the
n enantiomers and the IS.
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Table 1
Within- and between-day precision and accuracy of the assay for hesperetin (HT) enantiomers in human urine (n= 3, mean± S.D.)

Enantiomer concentration (�g/ml)

Added Observed R.S.D. (%) Bias (%)

Within-day Between-day Within-day Between-day Within-day Between-day

R-HT S-HT R-HT S-HT R-HT S-HT R-HT S-HT R-HT S-HT R-HT S-HT

0.5 0.49 0.49 0.49 0.49 4.51 4.43 5.12 5.21 2.45 2.49 4.23 4.55
1.0 1.00 1.01 1.02 1.01 3.21 3.21 3.25 3.33 1.81 1.82 3.31 3.32
5.0 5.01 5.02 5.01 5.10 2.10 2.11 2.01 4.02 0.50 0.52 0.74 0.75

10 9.97 9.99 9.99 10.01 1.71 1.54 1.51 2.94 3.30 3.31 1.05 1.08
50 24.89 25.00 24.92 25.03 1.92 1.80 2.21 2.43 3.32 3.34 2.15 2.12

100 50.01 49.98 50.01 49.98 3.41 3.62 3.51 3.52 0.05 0.05 0.04 0.04

For instance, the addition of phosphoric acid (0.01%) leaded
to an improvement on the shape and sharpness of the peaks
compared to a mobile phase with any acid added. Then,
the amount of phosphoric acid was increased to 0.1%, do-
ing so reduced the sharpness and resolution of the peaks.
Also different mobile phase compositions were tested, the
starting mobile phase was acetonitrile, water and phospho-
ric acid (40:60:0.01, v/v/v). Increasing the polarity through
the addition of water to the mobile phase increased reten-
tion time. Thus, more acetonitrile was added in order to re-
duce the retention time to minimize run time, obtaining a
desirable mobile phase constituted of acetonitrile, water and
phosphoric acid (42:58:0.01, v/v/v). Acetonitrile content was
not increased to avoid the internal front of the mobile phase
overlapping with the internal standard. The retention times of
the analytes were very sensitive to small changes in mobile
phase composition on the Chiralpak AD-RH column.

There are no other stereospecific assays of hesperetin pub-
lished in the literature. The present assay is practical to use
in pre-clinical and clinical applications of hesperetin where
small sample volumes are obtained.

3.2. Linearity and LOQ

Excellent linear relationships (r2 = 0.999) were demon-
s r-
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tiomers in human urine was <5% over a wide range of
concentrations (Table 1). The intra- and inter-run bias as-
sessed during the replicate assays for hesperetin enan-
tiomers varied between 0.04 and 4.6% (Table 1). These
data indicated that the developed HPLC method is repro-
ducible and accurate. The mean extraction efficiency for
hesperetin enantiomers from biological fluids varied from
98.2 to 98.7% (Table 2). In addition, the recovery of 7-
ethoxycoumarin was 97.1% at its concentration used in
the assay. High recovery from biological fluids suggested
that there was negligible loss of hesperetin enantiomers
and 7-ethoxycoumarin during the protein precipitation pro-
cess. Additionally the efficiencies of extraction of hes-
peretin enantiomers and 7-ethoxycoumarin were compara-
ble.

3.4. Stability of hesperetin samples

No significant degradation was detected after the sam-
ples of racemic hesperetin in biological fluids following
three freeze-thaw circles. The recoveries ofR- and S-
hesperetin were respectively from 98.5 to 99.9% and 98.3
to 99.7% following three freeze-thaw cycles for hesperetin
QC samples of hesperetin or 7-ethoxycoumarin. There was
no significant decomposition observed after the reconsti-
t the
a ure-
m for
e 0.5,
1 g
t for
2

T
R

C

5

trated between PAR ofR- and S-hesperetin to the inte
al standard and the corresponding serum concentratio
esperetin enantiomers over a range of 0.5–100�g/ml. The
ean regression lines from the validation runs were desc
y R-hesperetin (�g/ml) = 0.0392x+ 0.311 andS-hesperetin
�g/ml) = 0.0397x+ 0.028.

The LOQ of this assay was 0.5�g/ml in biological fluids
ith the corresponding between-day relative standard d

ion of 5.12 and 5.21% forR- andS-hesperetin respective
nd bias of 4.23 and 4.55% forR- andS-hesperetin, respe

ively. The back-calculated concentration of QC samples
ithin the acceptance criteria.

.3. Precision, accuracy and recovery

The within- and between-run precision (R.S.D.) ca
ated during replicate assays (n= 6) of hesperetin ena
uted extracts of racemic hesperetin were stored in
uto-injector at room temperature for 24 h. The meas
ents were from 98.3 to 99.9% of the initial value

xtracts of racemic hesperetin in biological fluids of
.0, 5.0, 10.0, 50.0 and 100.0�g/ml respectively, durin

he storage in the auto injector at room temperature
4 h.

able 2
ecovery of hesperetin enantiomers from human urine (n= 6)

oncentration (�g/ml) Recovery (%) (mean± S.D.)

R-hesperetin S-hesperetin

1.0 98.2± 1.1 98.6± 1.3
5.0 98.5± 1.2 98.5± 1.2
0.0 98.7± 1.3 98.7± 0.9
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Fig. 4. Cumulative urinary excretion profile of hesperetin enantiomers fol-
lowing the administration of orange juice orally to a healthy volunteer.

Fig. 5. Cumulative urinary excretion profile of hesperetin enantiomers fol-
lowing the administration of racemic hesperidin 200 mg/kg orally to a rat.

3.5. Urinary excretion of hesperetin in human

The HPLC method has been applied to the determination
of hesperetin enantiomers in the urinary excretion study in a
human and rat. Hesperetin has previously been demonstrated
to be excreted into urine after consumption of hesperidin in
human and rat studies[14–16]. Following oral administration
of orange juice, or racemic hesperidin marked stereoselec-
tive disposition was observed for the enantiomer excretion
in urine (Figs. 4 and 5). Our laboratory has recently con-
ducted pharmacokinetic studies in three different species af-
ter administration of orange juice, hesperetin or hesperidin
and also examined the stereospecific concentrations of these
flavonoids in various citrus fruits[17]. In the three species
there is a marked stereoselective disposition in their urinary
excretion and a marked stereoselective in the content of hes-
peretin in all the citrus fruit juices.

In summary, the developed HPLC assay is stereospecific,
reproducible and accurate. It has been successfully applied

to a urinary excretion study of hesperetin enantiomers in hu-
mans and rats and studies are currently ongoing.
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