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Abstract

Background MTBH, a novel hesperetin derivative, pos-
sesses in vivo hepatoprotective effects against carbon
tetrachloride (CCly)-induced acute liver injury in Institute
of Cancer Research (ICR) mice.

Objectives This study investigated the pharmacokinetics
and tissue distribution of MTBH and its conjugated
metabolites in rats after a single dose of MTBH.

Methods Male Sprague-Dawley (SD) rats were orally
administered (25, 50, 100 mg/kg) or intravenously
administered (25 mg/kg) MTBH and blood samples were
withdrawn at specific times. Moreover, after a single oral
dose of MTBH (200 mg/kg), tissues (heart, liver, spleen,
lung, kidney, stomach, intestine, brain and muscle) were
collected at scheduled time points.

Results The concentration of MTBH in plasma and tis-
sues was assayed by HPLC before and after hydrolysis with
B-glucuronidase or sulfatase. The glucuronides/sulfates
were extensively present in the plasma, moreover, the free
form was detectable in the plasma, but in a small amount
equivalent to nearly 0.85-1.46 % of the amount of glu-
curonides/sulfates, the absolute bioavailability of MTBH
was approximately 31.27 %. In tissues, the free form
appeared in all tissues examined, with trace amount in
brain and muscle, and considerable concentration in
stomach and lung. Glucuronides/sulfates were the major
forms in intestine, kidney and liver, whereas not detectable
in heart, brain and muscle. The liver and intestine were
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found likely to accumulate MTBH at a high concentration
among all tissues.

Conclusions The free form of MTBH was present in the
circulation and all assayed organs, whereas its glu-
curonides/sulfates were the major forms in plasma and
intestine, kidney and liver after a single dose.

Key Points

Free-form MTBH was present in plasma and all
assayed organs.

MTBH glucuronides and sulfates were the major
forms in plasma, intestine, kidney and liver.

MTBH-O-glucuronide and MTBH-O-sulfate but not
MTBH-O-sulphoglucuronides were the main
conjugated metabolites of MTBH in vivo.

The absolute bioavailability of MTBH was increased
compared with hesperetin.

1 Introduction

Hesperetin, which is derived from the hydrolysis of hes-
peridin (hesperetin 7-O-B-rutinoside) is a flavonoid abun-
dant in citrus fruits and derived products such as juices [1].
Hesperetin can be absorbed by the colonocytes [2] via
proton-coupled active transport and transcellular passive
diffusion (colon) and then extensively metabolized by
UDP-glucuronosyltransferases and sulfotransferases pro-
ducing glucuronidated and/or sulfated compounds [3]. On
the other hand, hesperetin and hesperetin 7-glucoside are
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Fig. 1 Chemical structures of hesperidin and 8-methylene-tert-butylamine-3',5,7-trihydroxy-4'-methoxyflavanone (MTBH)

directly absorbed by enterocytes (intestine) [4, 5]. Hes-
peretin exhibits various pharmacological properties related
to antioxidant and free radical scavenging [6-8], anti-in-
flammatory [9, 10], antiviral [11], blood lipid lowering [12,
13] and anticarcinogenic activities [14]. It has been shown
to inhibit chemically induced urinary bladder [15], mam-
mary [16] and colon carcinogenesis [17, 18] in laboratory
cells and animals. In addition, it is also used for the
treatment of hemorrhoids [19] and in the prevention of
postoperative thromboembolism [20]. In spite of this wide
range of therapeutic efficacy, its poor water solubility, poor
oral bioavailability, shorter half-life and rapid clearance of
hesperetin from the body restrict its wide use as a potent
phytomolecule. Study reported that the elimination half-
life (t;/,) of hesperetin is 1.78 h in rats [21] and 3.12 h in
healthy human subjects [22]. Thus, to maintain the thera-
peutic levels for longer duration, frequent administration
would be necessary. In our previous studies, to overcome
these disadvantages above, a series of hesperetin deriva-
tives were synthesized and the anti-inflammatory activity
was evaluated. It was found that MTBH (8-methylene-tert-
butylamine-3’,5,7-trihydroxy-4'-methoxyflavanone, Fig. 1)
can significantly inhibit the expression of interleukin-6 (IL-
6) and tumor necrosis factor-a (TNF-o) induced by
lipopolysaccharide (LPS) in RAW?264.7 cell than its parent
compound hesperetin. In addition, we further found that
MTBH has apparent hepatoprotective effects on CCly-in-
duced acute hepatic injury by markedly decreasing the
activities of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) in ICR mouse (our unpublished
data).

Despite our in vitro and in vivo bioactivities of MTBH
conducted thus far, its pharmacokinetic behavior and tissue
distribution remained unknown, which has hindered its
further development. To improve our understanding of the
mechanism of action of MTBH, it is necessary to know
which metabolites are present in the body and in which
tissues and organs they are found. The purposes of this
study were to investigate the dose-dependent pharmacoki-
netics of MTBH and its conjugated metabolites after oral
administration of MTBH (25, 50, and 100 mg/kg) and to
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evaluate its absolute bioavailability by comparing with
intravenous (I.V.) injection of 25 mg/kg MTBH, the tissue
distribution of MTBH and its conjugated metabolites after
oral administration of 200 mg/kg MTBH was also studied
In rats.

2 Materials and Methods
2.1 Chemicals and Reagents

Hesperetin (Xi’an grass plant technology Co., Ltd, pur-
ity >98 %, Lot No. XC1009018), hesperidin (National
Institutes for Food and Drug Control, purity >99 %, Lot
No. 110721-200613) was used as internal standard (IS),
8-methylene-tert-butylamine-3’,5,7-trihydroxy-4'-metho-
xyflavanone (MTBH, purity >97 %, Fig. 1) was synthe-
sized and purified by Professor jing-bo Shi (School of
Pharmacy, Anhui Medical University, Hefei, China).
Acetonitrile, methanol and formic acid were chromato-
graphic grade and purchased from Merck (Darmstadt,
Germany). B-Glucuronidase from Escherichia coli (type
IX-A, Lot: SLBD7403V) and Sulfatase from Helix pomatia
(type H-1, Lot: SLBK3653V) were purchased from Sigma
(St Louis, MO, USA). Deionized water was made by a
Milli-Q® academic ultrapure water purification system
supplied by Millipore (Shanghai, China) filtered through a
0.22-um filter. All other chemicals and solvents used were
of analytical grade.

2.2 Animals

Male SD rats, weighing 280-320 g, were obtained from the
Animal Breeding Center of Anhui Medical University. The
animal protocol was approved by the Animal Ethics
Committee of Anhui Medical University (animal ethics
approval number: 20140342). The rats were housed in a
room with controlled temperature (22 + 2 °C) and
humidity (50 £ 5 %) and a 12-h light—dark cycle prior to
the study. All rats were fasted 12 h and freely accessed to
water before dosing and fasting continued for another 3 h.
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2.3 HPLC Analysis of MTBH

The Shimadzu HPLC system consisted of a LC-20AD
pump, a SIL-20AC auto sampler, a CTO-20A column oven
and a SPD-10AVP UV detector. All the modules were
controlled by a CBM-20A communications bus module
(Tokyo, Japan). A Phenomenex Luna C18 column
250 mm x 4.6 mm, S pum) and a CI18 precolumn
(4 x 2 mm) kept at 35 °C were used to separate the
MTBH and the IS. Separation was performed with a gra-
dient elution program at the flow rate of 1.0 mL/min with
the ultraviolet detection wavelength at 288 nm. The mobile
phase was acetonitrile (solvent A) and formic acid water
(0.5 %, solvent B). The gradient elution program was:
76 % A (0-5 min), 76-30 % A (5-15 min), 30-76 % A
(15-16 min), 76 % A (16-24 min). The retention times of
hesperidin and MTBH were 7.7 and 9.0 min, respectively.
The method was fully validated according to FDA guide-
lines for specificity, linearity, precision, accuracy, lower
limit of quantitation (LLOQ), recovery and stability.

2.4 Preparation of Standard Solutions and Quality
Control Samples

An appropriate amount of MTBH was dissolved in ace-
tonitrile to make a stock solution of 1.0 mg/mL. The stock
solution was serially diluted with acetonitrile to get the
working standard solutions at the desired concentrations:
0.5, 1, 2, 5, 10, 20, 50, 100, 200 and 400 pg/mL. Hes-
peridin was dissolved in acetonitrile to provide a stock
solution of 1.0 mg/mL, and diluted with ethyl acetate to a
final concentration of 0.05 and 0.1 pg/mL, respectively.
All samples were stored at 4 °C until use. 5 pL of working
standard solutions was added to 50 pL blank plasma (or
40 pL of working standard solutions was added to 400 pL
blank tissue homogenates) to give calibration standards at
concentrations of 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20 and
40 pg/mL for plasma and tissues. For the validation of the
method, quality control (QC) samples at three concentra-
tions of 0.09, 1.6, and 32 pg/mL for plasma and tissues
were prepared separately in the same fashion and stored at
—20 °C until analysis.

2.5 Drug Administration, Blood and Tissue
Collection

In the pharmacokinetic study, a total of 40 SD rats were
randomly divided into four groups with 10 rats each.
MTBH was prepared using 0.5 % (w/v) sodium car-
boxymethyl cellulose (CMC-Na) or a polyethylene glycol
400 (PEG400):propanediol:ethanol:water = 35:35:10:25
mixtures for preparation of oral and I.V. solutions. After
an overnight fasting, Groups 1, 2 and 3 were administrated

at a single dose of 25, 50 and 100 mg/kg via oral admin-
istration, respectively. Group 4 was administrated at a
single dose of 25 mg/kg via I.V. injection. Blood sample
(approximately 0.5 mL) was collected from the supraor-
bital vein into heparinized tubes at different time points (0,
7, 15,30 min, 1, 1.5, 2, 3,5, 7, 9, 12, 15, and 24 h fol-
lowing oral administration, or 0, 5, 10, 15, 20, 30 min, 1,
1.5,2,3,5,7,9, 12, 15 and 24 h following I.V. injection).
The plasma was separated by centrifugation at 3000g for
15 min and then stored at —20 °C until analysis.

In the tissue distribution study, a total of 66 SD rats were
randomly divided into eleven groups with 6 rats each; the
rats were killed prior to (0 h) and at 0.5, 1, 1.5,2, 4,6, 8, 12,
16 and 24 h after a single oral dose of 200 mg/kg MTBH
using carbon dioxide. At each time point (6 rats each), blood
samples were withdrawn, then systemically perfused with
cool normal saline. Then, the heart, liver, spleen, lung, kid-
ney, stomach, intestine, brain and skeletal muscle were
collected, washed with normal saline, blotted dry with filter
paper and weighed. The tissues were chopped and homog-
enized in normal saline under constant cooling, and the
homogenates were stored at —20 °C until analysis.

2.6 Sample Treatment

Calibrators, QCs, real plasma samples and tissue homo-
genates were thawed and vortex-mixed thoroughly for 30 s.
The plasma samples were spiked with 10 pL. of sodium
acetate buffer (0.1 mol/L, pH5.0)and 10 pL of ascorbic acid
(200 mg/mL), then acidified with 5 pL. formic acid, and
extracted with 500 pL of ethyl acetate (containing 0.1 pg/
mL of hesperidin as the IS). The tissue homogenates were
added 80 pL of sodium acetate buffer (0.1 mol/L, pH 5.0)
and 80 pL of ascorbic acid (200 mg/mL), then acidified with
40 pL formic acid, and extracted with 2000 pL of ethyl
acetate (containing 0.05 pg/mL of hesperidin as the IS).
After vortex-mixing for 3 min and centrifugation at
14,000g for 15 min, aliquots of the organic phase were
carefully transferred to another tube and evaporated under
nitrogen gas to dryness at 37 °C. The residues were dissolved
in 100 pL of the mobile phase followed by vortex-mixing
and centrifugal filtration (0.22 pum filter unit); the filtrate
(50 pL) was analyzed using HPLC.

2.7 Quantitation of MTBH and its Conjugated
Metabolites in Plasma and Tissues

The concentrations of MTBH glucuronides or total conju-
gates (glucuronides plus sulfates) in plasma were quantified
from the amount of corresponding aglycone (MTBH) lib-
erated from the conjugated metabolites by hydrolysis with
B-glucuronidase or sulfatase (containing [-glucuronidase),
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individually. Plasma was divided into three aliquots (50 pL.
of each fraction). The conditions of hydrolysis are descri-
bed in the following: for hydrolysis by B-glucuronidase,
50 pL aliquot of plasma was incubated with 10 pL of B-
glucuronidase (1000 unit/mL, in 0.1 mol/L sodium acetate
buffer, pH 5.0) and 10 pL of ascorbic acid (200 mg/mL)
for 4h at 37 °C; for hydrolysis by sulfatase/p-glu-
curonidase, 50 pL aliquot of plasma was incubated with
10 pL of sulfatase (1000 unit/mL, containing 39,861 unit/
mL of B-glucuronidase, in 0.1 mol/L. sodium acetate buf-
fer, pH 5.0) and 10 pL of ascorbic acid (200 mg/mL) for
4 h at 37 °C. The concentrations of MTBH glucuronides or
total conjugates in tissue homogenates were analyzed
according to the method described above except the vol-
ume of tissue homogenates and enzyme buffer was 400 and
80 pL, respectively. For free-form MTBH determination,
plasma or tissue homogenates was subjected to the method
described above except for the addition of enzyme-free
buffer and without incubation with B-glucuronidase or
sulfatase. The samples were further processed as described
in 2.6 and analyzed by HPLC.

2.8 Identification of MTBH Conjugated Metabolites
using TOF LC-MS

Identification of MTBH conjugated metabolites was per-
formed on an Agilent 1260 Series Rapid Resolution LC
system comprising a HPLC pump, a PDA detector scan-
ning from 250 to 700 nm, and an autosampler cooled to
4 °C, together with an Agilent 6224 ESI/TOF mass spec-
trometer (Agilent Technologies, CA, USA). The mobile
phase consisted of A, acetonitrile and B, 0.1 % formic acid
water at a flow rate of 0.4 mL/min using a Phenomenex
Luna C18 column (150 mm x 4.6 mm, 3 pm) maintained
at 35 °C. The gradient elution program was: 5 % A
(0-5 min), 5-50% A (5-20 min), 50-50 % A
(20-28 min), 5 % A (28-31 min). An aliquot (10 pL) of
sample was injected for each analysis. A scan from m/
z 50-1000 for 31 min was carried out using electrospray
positive mode. Extracted ion chromatograms were gener-
ated for each of the conjugated metabolites. Spectra were
obtained by background subtraction from the summed
spectra under the chromatographic peak of interest. The
spectra contain cation adducts, the abundant molecular ion
and, owing to in-source collision-induced dissociation, a
fragment that is either MTBH or demethylated MTBH,
thus providing mass spectral identification.

2.9 Data Analysis
The pharmacokinetic parameters of MTBH were calculated

by a noncompartment model using WinNonLin version
5.0.1 (Pharsight). The peak plasma concentration (Cpax)
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and the time to peak concentration (Ty.x) were taken
directly from experimental data. The elimination rate
constant (k) was obtained by means of linear regression
analysis of the semi-logarithmic plasma concentration—
time curve and the t,,, was calculated as 0.693/k.. The area
under the plasma concentration—time curve from O to the
last measurable concentration at time ¢ (AUC,_,) was cal-
culated by the trapezoidal rule. All the results were
expressed as the mean & SD. Statistical comparisons of
the pharmacokinetic parameters were analyzed using
paired Students ¢ test or one-way ANOVA with the Scheffe
test, respectively. P values <0.05 was considered statisti-
cally significant. All statistical analyses were performed
using SPSS 17.0.

3 Results
3.1 Qualitative Analysis of Plasma and liver

The greatest amounts of conjugated metabolites of MTBH
were seen in the liver, therefore, extracts of samples of this
tissue were subjected to confirmatory analysis by Agilent
TOF LC-MS. Plasma and liver of rats that received MTBH
were analyzed by directly deproteinization with methanol
in a ratio of 1:3 (plasma or liver homogenates: methanol)
without hydrolysis, three main species were detected in
plasma or liver homogenates (Fig. 2). One was character-
ized by m/z 564 (retention time, RT 11.1 min), consistent
with MTBH-O-glucuronide. One species with m/z 388
eluting at the RT of 11.9 min was consistent with MTBH
molecular ion [MTBH+H]". One species with m/z 468
eluting at the RT of 13.9 min was consistent with MTBH-
O-sulfate.

3.2 Pharmacokinetics Study

The calibration curve of MTBH in plasma showed good
linearities (r > 0.99) in the range of 0.05-40.0 pg/mL.
Validation of this assay method indicated that all coeffi-
cients of variation for intra-day and inter-day analysis were
below 9.7 %, and the relative standard deviations (RSD)
were less than 13.0 %, indicating good precision and
accuracy. The recovery of MTBH from plasma was
85.55-90.73 % at 0.09, 1.6 and 32 pg/mL. The LLOQ and
limit of detection (LOD) of MTBH were 0.05 and 0.02 pg/
mL, respectively. The results of autosampler (4 °C, 24 h),
room temperature (25 °C, 12 h), temperature at 37 °C
(4 h), three freeze—-thaw cycle (—20 to 25 °C) and long-
term (—20 °C, 30 days) stability indicated that the MTBH
was stable under various storage conditions since the bias
in three levels (0.09, 1.6, and 32 pg/mL) was
within & 13.4 % of their nominal values (data not shown).
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Fig. 2 HPLC-PDA-MS
analysis of MTBH conjugated
metabolites in rat plasma and
liver. Chromatograms represent
gradient reversed-phase HPLC
analysis of plasma and liver
collected 1 h after oral
administration of 200 mg/kg
MTBH. Representative
chromatograms of (a, e) plasma
or liver sample with a PDA
detector at 288 nm, and plasma
or liver sample with extracted
ion chromatograms (b, f) Peak
1, m/z 564, consistent with
MTBH-O-glucuronides, ¢,

g peak 2, m/z 388, consistent
with MTBH molecular ion
[MTBH+H]", d, h peak 3, m/
z 468, consistent with MTBH-
O-sulfate. Insets show positive-
ion ESI spectra for each
metabolite

Y]

mAU units

o

Relative intensity (%)

(7]

Relative intensity (%)

o

Relative intensity (%)

(1]

mAU units

-

Relative intensity (%)

(e}

Relative intensity (%)

=

Relative intensity (%)

1
29 Plasma H
1€
12
8
e % 3
I
q
5 10 15 20 25 30
Retention time (min)
1
100 ‘
| Peak 1: R~11.1 min 564 [M+Glucuronide]”
. [M+H]" 388
80 § >
Ll E -
4d [ ——
29
q
5 10 15 20 5 30
Retention time (min)
2
' . "
109 | Peak 2: R~11.9 min 388 [M+H]
e K
: I
od
s L1l
49 L i asa-to-Crarge (mrz> A
20 W \’\/\«’VI M
q
5 10 15 20 5 30
Retention time (min)
109 "2 Peak 3: R~13.9 min
8q F oon
2 - 468 [M+Sulfate]”
§ oom l [M+H]" 388"
6q 2 a0u
S I WIEH L |
49 :
i (VAL
29
a
10 15 0 5 30
Retention time (min)
19 Liver
g=
[ 1
I}
b 3
4 7 '
j -
5 10 15 0 5 30
Retention time (min)
1
109 : ") Peak 1: R~11.1 min 564 [M+Glucuronide]”
o0xt N 388
89 § oo [M+H]"
69 g 2001
49 ¢ § Mass-to-Crarge vty A
29
q
5 10 15 {e} 5 30
Retention time (min)
2
v .
109 29 Peak 2: R~11.9 min 388 [M+H]
89
60 \
49 [ ———
20
o A A SN
5 10 15 {] 5 30
Retention time (min)
3
I3 -
100 27 Peak 3: R~13.9 min 468 [M+Sulfate]
ad i [M-+HT
o i
S Lt I
49 ¢ i T e to-narge (rity S A
20
d M
5 10 15 0 25 30

Retention time (min)

A\ Adis



680 C. Shen et al.
800 b 2000 C 20009
600 15001 1500
- 1 - -
g ;2 g 2
> 4009 | > 10000 > 10000
s s s 1 2
= E ]
2001 5000 5001 i ¢
0 5 0 5 70 75 0 5 10 5 0 5 0 5 0 5 0
Time (min) Time (min) Time (min)
d 20001 e 2000 f 4000
1500 1500 3000
g g 5 g
> 1000 2 > 10009 > 2000
| *
£ 1 £ 1 k.
500 | 500 | 10009
0 5 0 5 i 5 0 5 0 5 0 5 0 5 0 5 0 5
Time (min) Time (min) Time (min)
g 40000 h 4000 I 400
3000 30000 3000
2 3 2 2
> 2000 > 20000 2 > 2000 |
2 2 1 | 2
Q Q [}
= 1 = = 1
'
10000 | 2 10000 1000 l
) q JL_ J\ \ J
0 5 0 5 0 5 0 5 10 15 0 5 0 5 10 15 0 25
Time (min) Time (min) Time (min)

Fig. 3 Representative chromatograms of a standard mixture, b blank
rat plasma, and plasma collected at 1 h post-dose ¢ before hydrolysis,
and d after hydrolysis with PB-glucuronidase or e sulfatase/f-

The typical HPLC chromatograms are shown in Fig. 3.
The retention times of hesperidin and MTBH were 6.7, and
11.2 min, respectively. No endogenous interference was
found at these retention times for processed blank rat
plasma samples or liver homogenates, indicating the high
selectivity of this HPLC method.

Previous studies indicated that hesperetin is found in
human plasma and urine almost exclusively as its conju-
gated form, glucuronides and sulphoglucuronides [4]. In
our study, the concentrations of free form, glucuronides
and glucuronides/sulfates of MTBH in plasma and tissue
homogenates were determined before and after hydrolysis
with  B-glucuronidase or  sulfatase/B-glucuronidase,
respectively. The mean plasma concentration—time profiles
of free form, glucuronides and glucuronides/sulfates of
MTBH are shown in Fig. 4, and the relevant pharmacoki-
netic parameters of free form, glucuronides and
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glucuronidase; f blank rat liver, and liver collected at 1 h post-dose
g before hydrolysis, and h after hydrolysis with B-glucuronidase or
i sulfatase/B-glucuronidase. / hesperidin, 2 MTBH

glucuronides/sulfates of MTBH in rats after oral (25, 50
and 100 mg/kg) or LV. (25 mg/kg) administration are
presented in Table 1, respectively. Before enzymolysis, the
free form was detectable in plasma for up to 2—4 h at three
dose levels. The pharmacokinetic parameters were dose
independent for free form after oral administration in rats.
The mean T, and t;, values of the free form were
approximately 0.25-0.5 h and 0.31-0.46 h, respectively.
These results indicated that free form was rapidly absorbed
into the blood, and then rapidly eliminated from the cir-
culation. After hydrolysis with B-glucuronidase or sulfa-
tase/B-glucuronidase, both the plasma concentration—time
profiles of glucuronides and glucuronides/sulfates exhib-
ited a second peak, indicating possible enterohepatic cir-
culation. The Cp,.,x and AUC_; of glucuronides/sulfates
were significantly higher than those of glucuronides,
combined with the results of qualitative analysis of MTBH
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Fig. 4 Mean (+ SD) plasma
concentration—time profiles of
free form (F), glucuronides 10
(G) and glucuronides/sulfates

(S/G) of MTBH after a single
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conjugated metabolites in plasma, indicating the presence
of sulfates in plasma. The C,,x and AUC_, of free form to
those of glucuronides/sulfates were approximately
5.77-8.92 % and 0.85-1.46 %, respectively, which indi-
cated that level of free form was much lower than that of
glucuronides/sulfates in systemic circulation. In this study,
MTBH exhibited linear pharmacokinetics within the dose
range tested, as indicated by a linear increase in the Cy,ax
and AUC,_, with oral dose at 25, 50 and 100 mg/kg
(Fig. 5a, b) without a significant difference in the elimi-
nation parameters such as clearance (CL) and #,/, across the
doses (Table 1). The dose-normalized AUC,_ values
(based on 25 mg/kg) were 24.05, 25.06 and 29.70 pg-h/mL
for glucuronides, and 28.69, 32.87 and 36.71 pg-h/mL for
glucuronides/sulfates at 25, 50 and 100 mg/kg, respectively
(Table 1). After I.V. administration of MTBH at 25 mg/kg
in rats, the plasma concentrations of free form declined in a
poly-exponential fashion, and free form was converted to
glucuronides and glucuronides/sulfates rapidly and reached
their peak concentrations in about 0.5-1 h after dosing
(Fig. 4). The t, for free form, glucuronides and glu-
curonides/sulfates of MTBH was approximately 0.46, 4.57,
and 4.63 h, respectively, which was not significantly dif-
ferent from that of free form, glucuronides and glu-
curonides/sulfates of MTBH after oral administration. The
AUC_ of free form to that of glucuronides/sulfates was
approximately 6.59 %, which was markedly higher than
that of free form after oral administration of MTBH at
25 mg/kg in rats. MTBH absolute bioavailability was
approximately 31.27 %.

20 5 1E- 0 5 0 15 20 75
Time (h)

3.3 Tissue Distribution Study

The concentration of MTBH in tissues was determined as
described above. The calibration curves of MTBH in var-
ious tissue homogenates showed good linearities (r > 0.99)
in the range of 0.05-40 pg/mL. The precision evaluation
showed that all coefficients of variation were below 12.1 %
and the accuracy analysis showed that the RSD were below
13.7 %. The recoveries of MTBH from various tissues
ranged from 67.31 to 85.16 %. The LLOQ and LOD of
MTBH were 0.05 and 0.02 pg/mL, respectively.

Tissue distribution was assessed at ten different time
points (0.5, 1, 1.5, 2, 4, 6, 8, 12, 16, and 24 h) after oral
administration of 200 mg/kg MTBH to rats. Figure 6
shows the concentration—time profile of free form, glu-
curonides and glucuronides/sulfates of MTBH in various
tissues. The pharmacokinetic parameters of free form,
glucuronides and glucuronides/sulfates of MTBH in vari-
ous tissues are presented in Table 2. The results demon-
strated that MTBH underwent a rapid and wide distribution
to all examined tissues. The free form was found in all
tissues assayed, whereas, glucuronides and glu-
curonides/sulfates were not detectable in heart, brain and
muscle (Figs. 6 and 7). Only trace amounts of free form
was presented in brain and muscle, and considerable con-
centration of free form was detected in stomach and lung.
The relative AUC_, of free form was ranked as stom-
ach > lung > intestine > liver > heart > spleen > kid-
ney > brain > muscle. The AUC_, of free form to that of
glucuronides/sulfates was in the range from 3 to 90 %
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Table 1 Pharmacokinetic parameters of free form (F), glucuronides (G) and glucuronides/sulfates (S/G) of MTBH after a single oral (25, 50,
100 mg/kg) or intravenous (25 mg/kg) administration of MTBH to rats

Parameters Oral Intravenous
25 mg/kg (n = 10) 50 mg/kg (n = 10) 100 mg/kg (n = 10) 25 mg/kg (n = 10)
F
Tonax (1) 0.25 4+ 0.06 0.50 & 0.18* 0.25 + 0.06 0.083 + 0.02%
Cinax (ng/mL) 0.40 & 0.07 0.83 & 0.30%* 1.54 4 0.37°417 11.07 + 2.07*
AUC 54 (ng-h/mL) 0.42 4 0.08 0.82 & 0.21%* 1.78 4+ 0.25447T 6.05 & 0.93%*
f12 (h) 041 + 0.16 0.46 + 0.09 0.52 + 0.06 0.46 + 0.13
V4 (mL/kg) 38.27 + 951 35.37 + 6.34 4276 + 7.28 2.29 + 0.37%
CL (mL/l/kg) 57.63 + 11.39 60.60 + 12.16 56.66 & 14.50 4.09 + 0.72%
MRT,, (h) 0.79 + 0.16 0.78 £ 0.18 0.85 £ 0.12 0.47 £ 0.10*
Co (ug/mL) 12.82 + 1.93
G
Tonax () 1.00 £ 0.19 1.00 & 0.28 1.00 + 0.19 0.50 + 0.02*
Cinax (1g/mL) 486 + 1.24 8.10 + 1.82%* 19.23 + 3.45°41T 13.72 + 2.45"
AUC 54 (pg-h/mL) 24.05 + 5.74 50.12 £ 13.19%x 118.79 + 16.5624T1 80.12 + 9.80"*
f15 () 4.19 £+ 0.75 432 +0.76 5.69 £ 0.80 457 + 1.03
Vg4 (mL/kg) 5.61 £ 0.85 5.94 £ 1.33 5.53 + 1.86 2.02 £+ 0.22%
CL (mL/h/kg) 0.98 + 0.22 1.02 £0.12 0.82 + 0.42 0.30 + 0.14*
MRT,_, (h) 4.65 £ 1.29 484 + 1.67 5.99 + 0.78 5.90 & 0.80
Co (ng/mL) 11.89 + 2.21
SIG
Tonax () 1.00 &+ 0.22 1.00 & 0.18 1.00 & 0.25 0.50 + 0.01*
Cinax (1g/mL) 5.80 + 0.91 9.31 + 2.30%* 2428 + 4.76°4T 15.92 + 3.36™
AUCg 54 (pg-h/mL) 28.69 + 6.03 65.74 + 12.27%* 146.83 + 22,5144 91.75 + 15.42%
t15 () 443 £+ 1.05 4.68 + 0.64 6.20 £ 0.64° 4.63 + 1.25
V4 (mL/kg) 473 + 0.94 4.93 + 1.08 426 + 1.43 1.74 + 0.26"
CL (mL/h/kg) 0.86 &+ 0.14 0.74 + 0.08 0.66 & 0.24 0.27 + 0.13%
MRT,_, (h) 4.67 £ 1.30 480 + 1.19 691 £ 1.14° 6.00 £ 0.97
Co (ng/mL) 12.15 + 3.53

Values are mean £+ SD

F MTBH free form, G MTBH glucuronides, S/G total conjugates of MTBH, 7,,,, the time to peak concentration, C,,, the peak plasma
concentration, AUCy_,, the area under plasma concentration—time curve, ?;, elimination half-life, V,; apparent volume of distribution, CL
clearance rate, MRT,_, the mean residence time, C, initial concentration

* P <005, ** P<0.01, oral 50 mg/kg VS oral 25 mg/kg; & P < 0.05, 2> P < 0.01, oral 100 mg/kg VS oral 25 mg/kg; © P < 0.05,

' P < 0.01, oral 100 mg/kg VS oral 50 mg/kg; * P < 0.05, ™ P < 0.01, 1.V. 25 mg/kg VS oral 25 mg/kg

(Table 2), which indicated that the level of glucuronides
and sulfates and/or tissue uptake of glucuronides/sulfates
metabolites differed between tissues. Glucuronides/sulfates
were the major form in intestine, kidney and liver, and the
relative AUC,_, of glucuronides/sulfates was ranked as
liver > intestine > kidney. The difference of AUC,
between glucuronides/sulfates and glucuronides afforded
the estimated AUC,_, of sulfates; AUC,_, of sulfates was
ranked as liver > intestine > kidney > spleen > lung >
stomach. The C.,. or AUC, of MTBH sulfates was
always lower than that of glucuronides in plasma and the
tissues (including stomach, intestine, kidney, spleen, liver
and lung).
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4 Discussion

MTBH is a novel derivative of hesperetin with potent anti-
inflammatory activity which is being evaluated in vitro and
in vivo in our previous study, so it is reasonable and nec-
essary to perform the pharmacokinetics and tissue distri-
bution study of MTBH. In the rat organism, MTBH was
largely metabolized to different conjugates (glucuronides,
sulfates), which was found in plasma and tissues, including
stomach, intestine, kidney, spleen, liver and lung. Two
main conjugated metabolites were identified with Agilent
TOF LC/MS after oral administration of the agent to rats:
MTBH-O-glucuronide and MTBH-O-sulfate. Owing to the
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Fig. 6 Mean (£ SD) plasma and tissues concentration—time profiles
of free form (F), glucuronides (G) and glucuronides/sulfates (S/G) of
MTBH in various tissues (including heart, liver, spleen, lung, kidney,

unavailability of the authentic standards of conjugated
metabolites, the concentrations of the conjugated metabo-
lites of MTBH were determined indirectly after hydrolysis
with B-glucuronidase and sulfatase. A HPLC method was
successfully developed and validated for the determination

stomach, intestine, brain and muscle) after a single oral dose of
200 mg/kg MTBH to rats (n = 6 per time point)

of MTBH in rat plasma and various tissues for their sat-
isfactory sensitivity, specificity and selectivity. There was
no any endogenous matrix interference with MTBH and
hesperidin. Because the sulfatase used in this study con-
tained sulfatase and a considerable amount of f-
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Table 2 Pharmacokinetic Parameters F G S/G

parameters of free form (F),

glucuronides (G) and Stomach

glucuronides/sulfates (S/G) of

MTEH after a single oral dose tp (h) 1.59 + 0.41 1.87 £ 0.34 1.91 £ 0.37
Chnax (1g/g) 75.52 £ 13.57 78.65 £ 16.78 79.47 £+ 12.18

of 200 mg/kg MTBH to rats

AUCy o4 (ng-h/g)
Brain

tiz (h)

Cmax (1g/2)

AUCy 24 (ngh/g)
Intestine

tiz (h)

Cunax (1g/2)

AUC_»4 (ng-h/g)
Muscle

ti2 (h)

Crax (1g/2)

AUCy 24 (ngh/g)
Heart

i (h)

Cunax (1g/2)

AUC 54 (ng-h/g)
Kidney

ti2 (h)

Cmax (1g/2)

AUCy_24 (ng-h/g)
Spleen

ti2 (h)

Cinax (1g/8)

AUC 24 (ng-h/g)
Liver

ti2 (h)

Crax (1g/2)

AUCy_o4 (ng-h/g)
Lung

ti (h)

Cinax (1g/g)

AUCy_o4 (ng-h/g)

160.79 £ 28.91

175.53 + 35.60

177.95 £+ 31.00

2.35 £ 0.37 ND ND

597 £ 097 ND ND

6.76 £ 1.58 ND ND

273 £ 045 315+ 0.74 3.40 £ 0.64
1534 £ 2.64 91.76 £+ 19.39 106.12 £ 23.26
48.12 £+ 6.28 262.01 £ 54.05 306.64 £ 60.55

3.73 £ 0.57 ND ND

221 £ 0.41 ND ND

6.60 £ 1.47 ND ND

1.91 £ 0.30 ND ND
22.88 £ 4.10 ND ND
34.83 £5.83 ND ND

3.54 + 0.88 6.05 £ 1.09 6.17 £ 1.14
2574 £ 6.84 57.28 £ 7.80 64.83 £ 11.58
23.03 £ 5.08 136.43 £ 24.86 154.56 + 31.24

243 £ 0.36 5.74 £ 0.84 6.36 £ 1.21
20.91 £ 3.07 26.34 £5.03 26.99 £ 5.21
26.23 £4.71 4491 £ 5.16 48.25 + 6.76

2.26 £ 0.46 526 £0.73 537 £0.99
22.01 £ 4.07 63.27 £+ 10.88 81.03 £ 12.19
35.80 £ 5.62 228.70 £ 44.50 312.23 £ 64.88

2.63 £0.52 3.65 £ 0.54 3.81 £0.73
2593 £ 452 30.52 £ 4.03 30.99 £ 4.59
78.59 + 11.36 115.17 £ 18.71 118.34 & 21.09

Values are mean £ SD

F MTBH free form, G MTBH glucuronides, S/G total conjugates of MTBH, ¢;,, elimination half-life, C,,,.
the peak plasma concentration, AUC_,4 the area under plasma concentration—time curve from O to 24 h,
ND not detected. There was no significant difference of MTBH prior to and after hydrolysis with -
glucuronidase or sulfatase/B-glucuronidase in brain, muscle and heart, and therefore glucuronides (G) and
glucuronides/sulfates (S/G) of MTBH were not detectable in brain, muscle and heart

glucuronidase, hydrolysis with sulfatase resulted in simul-
taneous hydrolysis of both sulfates and glucuronides. The
plasma and tissue homogenates required only single-step
extractions by ethyl acetate before and after hydrolysis
with  B-glucuronidase or sulfatase/B-glucuronidase,
respectively, which is suitable for the analysis of large
batches of samples. The method has been successfully
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applied to study pharmacokinetics and tissue distribution of
MTBH in rats.

After a single oral dose of MTBH, the free-form MTBH
was detectable in plasma, suggesting that it did enter the
systematic circulation per se. This was quite different from
that of hesperetin reported in a previous study that there
was no free aglycone in human plasma [4]. After the
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plasma samples were treated with B-glucuronidase or sul-
fatase/B-glucuronidase, both peak area and peak height of
MTBH increased significantly in the HPLC chromatogram,
indicating that MTBH glucuronides and glucuronides/sul-
fates were present in the bloodstream and the correspond-
ing MTBH were liberated from conjugated metabolites
following enzymatic hydrolysis. This was in accordance
with that of hesperetin which was absorbed into the sys-
tematic circulation as glucuronides and sulphoglucuronides
[5, 23-26]. After absorbed from the small intestine, free-
form MTBH was rapidly eliminated from plasma with ¢/,
less than 0.5 h, whereas the #1,, of MTBH glucuronides and
glucuronides/sulfates was about 4—6 h. The values of the 7y,
» of MTBH glucuronides/sulfates were found to be much
longer than that of hesperetin estimated previously, in
experiments where the flavanone glycosides were admin-
istered in the form of citrus juices [27]. The absolute
bioavailability of MTBH was approximately 31.27 %
which was also significantly higher than that of hesperetin
(with a mean absolute bioavailability at about 12.87 %)
[28]. The two molecules, hesperetin and MTBH, differ in

their physicochemical properties and molecular weight
(MW). Hesperetin has the lower MW (C;6H; 40,
302.27 g/mol) in comparison with MTBH (C,;H,50¢N,
387.18 g/mol). MTBH is significantly more hydrophilic
than hesperetin, with LogP of 1.9, whereas hesperetin have
LogP value of 2.9. The water solubility of MTBH
(28.57 pg/mL) was increased approximately 5.07-fold
compared to that of hesperetin (5.63 pg/mL) in our pre-
vious study. This increased water solubility and better
hydrophilicity may be one of the explanation for this sig-
nificantly higher bioavailability of MTBH than hesperetin.
The highest concentration of free form, glucuronides and
glucuronides/sulfates of MTBH was detected at about 0.25,
1 and 1 h, respectively, suggesting that free-form MTBH
was absorbed more rapidly. However, the plasma drug
exposure of free-form MTBH after oral administration was
less than 2 % of that of MTBH glucuronides/sulfates,
suggesting that free-form MTBH was extensively con-
verted into MTBH glucuronides and sulfates in the
intestinal cells or during further first-pass metabolism.
On the contrary, the plasma drug exposure of free-form
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MTBH after I.V. injection was more than 6 % of that of
MTBH glucuronides/sulfates, which was approximately
4.51 to 7.75-fold to that of free-form MTBH after oral
administration. One possible reason was that a part of
MTBH glucuronides and sulfates were formed in the
intestinal wall except in liver prior to absorption. Based on
these data, the main forms in circulation were MTBH
conjugated metabolites, which was in good agreement with
that of hesperetin in the literature [4, 29-31]. Compar-
ison of the Ch.x and AUCy_ between MTBH glu-
curonides/sulfates and glucuronides showed marked
differences, which clearly indicated that the conjugated
metabolites included not only MTBH glucuronides but
also sulfates. By subtracting the AUCy_ of the glu-
curonides from that of correspondent glucuronides/sulfates,
it could be found that the AUC,_; of the sulfates was about
14.52-24.41 % of its correspondent glucuronides. This fact
furnishes the evidence that MTBH was majorly metabo-
lized to glucuronides and less to sulfates, combined with
our qualitative results of MTBH conjugated metabolites in
plasma, the sulfoglucuronyl diconjugates of MTBH were
not found in the plasma. This was somewhat different from
that of hesperetin in the literature which showed that the
main metabolites of hesperetin were glucuronidated, and
that 13 % of them were sulpho-glucuronidated [4]. After
oral and I.V. administration of MTBH, the plasma kinetics
profiles of MTBH glucuronides and glucuronides/sulfates
had a particular shape, with one peak 1 h after the drug
ingestion and a smaller one at about 2 h. One explanation
may be the existence of an enterohepatic recycling of
MTBH conjugated metabolites, with the second peak cor-
responding to the re-absorption of the metabolites secreted
in bile. The possibility of a significant excretion of MTBH
metabolites in bile (6—-12 %) had been elucidated in rats in
our previous study (our unpublished data). The absorption
of MTBH was rapid and much faster than that of hesperetin
after oral administration of its flavanone glycosides, hes-
peridin, either as pure compounds or in the form of citrus
juices [4, 27, 32]. The mean Ty,,x values of free-form and
conjugated-form MTBH after oral administration at three
dose levels were from 0.25 to 1 h, which was significant
shorter than that of hesperetin with mean 7)., value from
5.4 to 5.8 h [4] after the ingestion of two doses of orange
juice in humans. One possible reason was that the
absorption site of the MTBH is the small intestine where it
was absorbed much faster and hesperidin, which was not
deglycosylated nor absorbed in the small intestine, but was
hydrolyzed in the distal part of the intestine and the colon
by the enteric microflora, and then absorbed in the caecum
[26, 33, 34] where it was absorbed much slower.

For tissue distribution analysis, before organ collection,
a systemic perfusion with cool saline was performed to
avoid the interference of residual blood. Our results
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showed that free-form MTBH was present in various
organs including brain after a single oral dose of 200 mg/
kg MTBH to rats. The emergence of a considerable level of
the free-form MTBH in the liver and lung may have been
biotransformed from its glucuronides/sulfates in the blood
circulation. This fact can be explained by the presence of
deconjugation enzymes such as glucuronidase and sulfatase
on the cell membranes of these organs [35-37]. We did not
find MTBH glucuronides and glucuronides/sulfates in
brain, muscle and heart, however, the presence of trace
amounts of such conjugated metabolites, not detectable in
our conditions, cannot be excluded. Contrary to the finding
in plasma, sulfates rather than glucuronides were found as
the major conjugates of MTBH in the liver, kidney and
lung, indicating that the MTBH glucuronides in blood
circulation might have transformed through deconjugation
by glucuronidase and subsequent reconjugation by sulfo-
transferase in these organs.

Results indicated that distribution process was very
quick (with a mean 7,5 value from 0.5 to 1 h) reaching all
the examined tissues with the highest levels detected in
liver suggesting a potential role of this organ in the meta-
bolism of MTBH. MTBH had been elucidated to possess
in vivo hepatoprotective effects against CCly-in-
duced acute liver injury in ICR mice in our previous study,
which could be attributed to the activity of total potencies
of unchanged MTBH and its conjugated metabolites in the
liver. Moreover, the observed high hepatic levels are in
accordance with previous tissue distribution studies of
hesperetin in rats after a dietary intake [38].

Generally speaking, the conjugated metabolites were
recognized as the inactive product of drugs. Nevertheless,
there were increasing evidences showing that the conju-
gated metabolites of polyphenols such as myricetin [39],
quercetin [40—44] and baicalin [45] exhibited benefi-
cial bioactivities. This study shows that MTBH mainly
existed as conjugated metabolites in the systematic circu-
lation and most organs, the own biological activity of the
conjugated metabolites of MTBH should be considered and
future investigated to understand the clinical implications
of MTBH, despite though the possibility of hydrolysis into
free-form MTBH inside the cells.

5 Conclusion

This work investigated the pharmacokinetic properties of a
novel hesperetin derivative MTBH in plasma and tissues
after a single dose in rats. Free-form MTBH was unequally
distributed in plasma and a wide variety of tissues exam-
ined, and MTBH glucuronides/sulfates were the major
forms in systematic circulation and in intestine, kidney and
liver tissues. The liver was found likely to accumulate
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MTBH at a high concentration among all the tissues. The
results of this pharmacokinetics and tissue distribution are
undoubtedly useful to understand the targets of MTBH in
exerting its biological effect and health impact.
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