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Comparative biotransformation of luteolin
and apigenin from the flower extract and the
stem-and-leaf extract of Dendranthema
morifolium Ramat. Tzvel. in rats

Yi-He Chiang,? Yu-Tse Wu,” Lie-Chwen Lin¢© and Tung-Hu Tsai®t-9-¢"

Abstract

BACKGROUND: The flower of Dendranthema morifolium Ramat Tzvel has been widely used as a nutritional health supplement
worldwide. However, most of the studies have focused on the flower and the rest of the plant was neglected. Our hypothesis is
that similar flavonoids may be present at different parts of D. morifolium, and the flavonoids may undergo a similar biotrans-
formation pathway within the body. To investigate this hypothesis, an in vivo pharmacokinetic experimental model was devel-
oped to explore the comparative biotransformation of luteolin and apigenin after administration of D. morifolium extracts
(10 g kg™, p.o.) in freely moving rats. Because luteolin and apigenin mainly underwent phase Il metabolism, the metabolic
enzymes of p-glucuronidase/sulfatase or f-glucuronidase were used to hydrolyze the plasma sample, depending on the bio-
transformation pathway involved.

RESULTS: The results revealed that luteolin and apigenin mainly went through glucuronide and sulfate conjugations, respec-
tively, in both the extract of flowers and the stem-and-leaf group. In addition, the area under the concentration curve
(AUC|,5) of luteolin glucuronides and sulfates in the group administered the stem-and-leaf extract was approximately 4.6 times
higher than that of the flower extract group. The dominant products of biotransformation for apigenin were sulfates.

CONCLUSION: These findings support our hypothesis that not only the flower parts of D. morifolium, but also the stem-and-leaf
parts contain rich flavones, including glycosides and aglycone, and they undergo similar biotransformation pathways.
© 2021 Society of Chemical Industry
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hydrogen or electrons to stabilize free radicals, and the oxo group
at position C-4 can bind metal ions, contributing to its antioxidant

INTRODUCTION

The flower of Dendranthema morifolium Ramat. Tzvel. (Chrysan-

themum morifolium Ramat.), has been used as a popular beverage
as a result of its desirable taste and aroma. In addition, chrysan-
themum flowers have been widely used as medicinal herbs and
common health supplemental products in many Asian and
European countries. The extract of D. morifolium has been
reported to possess several potential biological activities, such
as antioxidation' and anti-inflammation properties,>* modulation
of the intestinal microbiota community,* neuroprotective effects®
and antitumor activities.® Previous studies have indicated that
chrysanthemum flowers contain diverse constituents, such as
flavonoids,” polyphenols® lignans,® phenolic acids'® and
polysaccharides.*

Flavonoids can be subdivided into subgroups such as flavones,
flavonols, flavanones, flavanonols, flavanols, anthocyanins and
chalcones, etc. These flavonoids not only control the color, aroma
and growth of the plants, but also play various important roles in
biological activities such as the antioxidant activities of phase |
and Il metabolism of luteolin and apigenin.'" The basic skeleton
of flavonoids is the A-B-C tricyclic ring (C6-C3-C6). The double
bonds between positions C-2 and C-3 in the C ring donate

activity.'? In addition, some other natural products have been
reported to affect lipid metabolism as a result of changing the
gut microflora,’® intestinal morphology'* and nutritional dietary
supplements.'>®

*
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Flavonoids in D. morifolium have been found to possess anti-
tumor activities, such as inhibiting the growth and inducing
the apoptosis of gastric,®breast and colon'” cancer cells. By sur-
veying the in vivo biotransformation of the extract of
D. morifolium, luteolin (3,4 ,5,7-tetrahydroxyflavone) and api-
genin (4',5,7-trihydroxyflavone) (Fig. 1) were found to be the
main active flavonoids in vivo after oral administration of flower
extract of D. morifolium.®? Luteolin has been reported to have
biological functions with respect to antihypertension,
antihyperlipidemia,?® antihyperglycemia®' and antihistamine??
effects, and well as in reducing the generation of ROS in body
after radiation exposure.?®> Apigenin has been found to have
anti-anxiety and mild sedative effects in animal experiments,®*
and the mechanism of action is similar to that of benzodiaze-
pines on GABA receptors.”® Inflammation could be inhibited
by apigenin through the inhibition of cyclooxygenase-2,
lipopolysaccharide-induced inducible nitric oxide synthase,
inflammatory factors and AP-1 expression.?®

Luteolin and apigenin are usually presented in the form of
aglycones, glycosides or glucuronic acid in the flower part, such
as luteolin-7-O-glucoside and apigenin-7-O-glucoside.?” After
oral administration, luteolin-7-O-glucoside can be easily hydro-
lyzed to luteolin in the small intestine and then absorbed via the
intestinal mucosa,?® and luteolin is mainly found as luteolin-3'-
O-p-p-glucuronide in human plasma.?® In addition to the small
intestine, the liver also plays an important role in the metabo-
lism of luteolin, which goes through phase Il metabolism and
is catalyzed by uridine diphosphoglucuronosyltransferases
(UGTs) and catechol-O-methyltransferases (COMTs); the glucur-
onidation and methylation processes of luteolin can compen-
sate for each other®3" Apigenin mainly goes through phase |
biotransformation, followed by glucuronidation and sulfation
reactions by phase Il enzymes in rats. In vitro studies have
shown that apigenin can be transformed to luteolin by phase |
metabolism and conjugated phase Il derivatives such as glu-
curonic acid and sulfoconjugates.32:33

Recently, the issues of conserving and improving the availability
of good herbal medicines in a sustainable way and plant part sub-
stitution for medical uses have received increasing attention.3*3°
The major reasons for this attention involve the desire to achieve
sustainability and to prevent the depletion of natural resources;

(A)

thus, the discovery and evaluation of the use of renewable/alter-
native parts, such as leaves and stems, to replace the originally
used parts are becoming increasingly important.3® In addition,
byproducts produced during manufacturing in the food/herbal
industries can be useful for further applications. For example,
the phenolic compounds in olive mill wastewater can be used
as active ingredients for functional foods>” Because most of the
studies have focused on flowers, the remaining parts of
D. morifolium have often been neglected. Only a few reports have
mentioned that the leaf parts also contain flavonoids that were
different from the common major flavonoids of the flower
parts 3839 A previous report demonstrated that supplementa-
tion with a leaf ethanol extract of chrysanthemum
(D. morifolium) and luteolin significantly decreased weight gain
and epididymal white adipose tissue weight, suggesting that
the leaf ethanol extract of chrysanthemum provides a significant
effect for the prevention of obesity and metabolic disease.*® As
a result of the limited information of the chemical components
in the leaf parts of D. morifolium, we aimed to analyze the con-
tents of luteolin, apigenin and their glucosides in the flower and
stem-and-leaf extracts of D. morifolium.

Luteolin-7-O-glucuronide and glycoside derivatives of api-
genin were previously isolated from the stem-and-leaf extract
of D. morifolium in our laboratory. Thus, we hypothesized that
the stem-and-leaf extract of D. morifolium could also be a
resource for flavonoid supplements, such as luteolin and api-
genin. The present study aimed to develop an analytical system
to determine the contents of luteolin and apigenin in the flower
and stem-and-leaf extracts of D. morifolium. This method was
then utilized to compare the pharmacokinetics and biotransfor-
mation of luteolin and apigenin after oral administration of the
extracts of the flower and stem-and-leaf parts of D. morifolium.
To investigate the biotransformation of the flowers and stem-
and-leaf extracts of D. morifolium, lyophilized powders of the
flower and stem-and-leaf parts (10 g kg™, p.o.) were separately
administered to rats (n = 6) by gavage. The in vivo biotransfor-
mation and pharmacokinetics of luteolin and apigenin from
the flower and stem-and-leaf extracts of D. morifolium were
assessed to investigate whether the stem-and-leaf extract can
be used as a potential source for the supplementation of luteo-
lin and apigenin.

(B)

(©)

OH o]

(D)

Figure 1. The chemical structures of (a) luteolin-7-O-glucoside, (b) apigenin-7-O-glucoside, (c) luteolin and (d) apigenin.
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MATERIALS AND METHODS

Chemicals and reagents

Luteolin-7-O-glucoside, apigenin-7-O-glucoside and luteolin stan-
dards were isolated from the flower of D. morifolium by our labo-
ratory, and their structures were confirmed using nuclear
magnetic resonance and mass spectral analysis (Fig. 1). Apigenin,
ornidazole (internal standard for plant extract component analy-
sis), clozapine (internal standard for plasma sample analysis),
p-glucuronidase (type B-1 from bovine liver), sulfatase (type H-1
from Helix pomatia), heparin and acetic acid were obtained from
Sigma-Aldrich Chemicals (St Louis, MO, USA). Pentobarbital was
acquired from SCI Pharmtech, Inc. (Taoyuan, Taiwan). Sodium ace-
tate anhydrous and ortho-phosphoric acid were purchased from
Merck (Darmstadt, Germany). Potassium phosphate monobasic
was obtained from Riedel-de-Haén (Seelze, Germany). Polyethyl-
ene glycol 400 was purchased from Tokyo Chemical Industry
(Tokyo, Japan). Triple-deionized water for aqueous solutions was
from Millipore (Bedford, MA, USA). Acetonitrile was purchased
from Spectrum (New Brunswick, NJ, USA). Methanol was pur-
chased from Macron (Hamilton, PA, USA). The solvents used in
the experiments were all liquid chromatography grade.

High-performance liquid chromatography (HPLC)

The chromatographic system (Shimadzu, Kyoto, Japan) for sample
analysis included an HPLC pump (LC-20AT), an autosampler
(SIL—200Q), a photodiode array detector (SPD-M20A) and a degas-
ser. The analytes were separated by an Alltima C8 column
(250 x 4.6 mm, 5 pum; Alltech, Deerfield, IL, USA). The mobile
phase consisted of solvent A (10 mmol L™' potassium phosphate
monobasic in water, adjusted to pH 2.5 by ortho-phosphoric acid)
and solvent B (100% methanol). Gradient elution used for the
analysis of the components of the extracts linearly ran from 35%
to 45% B for 0-10 min, 45% to 50% B for 10-20 min, 50% to
60% B for 20-21 min and 60% to 70% B for 21-36 min, with reba-
lance for 15 min. Isocratic elution with the mobile phase consisted
of solvent A: B = 50:50 (v/v) and solvent A: B = 40:60 (v/v) used for
the analysis of plasma samples incubated with f-glucuronidase/
sulfatase and p-glucuronidase, respectively. The flow rate was
1.0 mL min~" and the injection volume was 10 pL. The optimal
detection UV wavelength was set at 340 nm.

Method validation

The analytic method in this experiment was validated according
to the Bioanalytical Method Validation Guidance for Industry by
the US Food and Drug Administration (Docket Number: FDA-
2013-D-1020). The calibration curve was generated by plotting
the peak area ratios of the analyte to the internal standard against
the nominal concentrations. Regression analysis was used to eval-
uate linearity, and the coefficient of determination (r?) had to be
greater than 0.995. The limit of detection (LOD) was defined as a
signal-to-noise ratio (S/N) of greater than 3, and the lowest limit
of quantification (LLOQ) was defined as an S/N of 10. The mean
values for the accuracy and the precision of calibration samples
must be within +15%, except at the LLOQ, which must be within
+20%. Six replicates of calibration samples were analyzed on the
same day (intraday) and on six continuous, different days (inter-
day) to evaluate the accuracy and precision. The accuracy was
presented as bias representing the proximity of mean results
(observed concentration, Cops) from this analytical method to
the true concentrations (nominal concentration, C,,.): Bias
(%) = (Cops — Chom/Chom. The precision was presented as the

percentage of the ratio of the SD to the observed concentration
and was expressed as the percentage relative SD (RSD %): RSD
(%) = [SD/Cgps X 100. The recovery was evaluated by the ratio
of the peak area of the pre-extraction spiked matrix sample to that
of the neat sample prepared with acetonitrile instead of plasma.
Stability was established by placing the validation samples under
different conditions: autosampler (12 h at 4 °C), short term (6 h at
room temperature), long term (7 days at —20 °C) and three
freeze-thaw cycles (freeze at —20 °C for 24 h and then thaw at
room temperature for 12 h repeated for three cycles) and com-
paring their before and after concentrations.

Plant materials

The fresh stem-and-leaf parts of D. morifolium were obtained from
farmers in Miaoli county, Taiwan, and the dried flowers of
D. morifolium were purchased from Tongluo Farmer's Association
(Miaoli County, Taiwan). Fresh stem-and-leaf parts were dried at
45 °C overnight. Both the stem-and-leaf and flower parts of
D. morifolium were ground into powders before extraction. A
herbal powder sample (500 g) was extracted with 5 L of 50% eth-
anol by reflux for 30 min for two extraction times. Then, the
extract solutions were combined and the alcohol in the solution
was removed under vacuum evaporation. After lyophilization,
the freeze-dried extracts of flower and stem-and-leaf parts were
obtained and used for the subsequent experiments. The yields
of the 50% ethanol extracts from the flower and stem-and-leaf
parts were 25.32% and 27.83%, respectively.

Preparation and analysis of plant extract samples

The standard stock solutions of luteolin-7-O-glucoside, apigenin-
7-O-glucoside, luteolin and apigenin, as well as the internal stan-
dard (ornidazole) solution, were all prepared to concentrations
of 1 mg mL™" with methanol. The standard working solutions of
luteolin-7-O-glucoside, luteolin and apigenin were diluted from
the standard stock solutions to concentrations of 1, 5, 10, 50 and
100 pg mL™", and the standard working solution of apigenin-
7-O-glucoside was diluted from the standard stock solution to
concentrations of 1, 5, 10, 50, 100 and 500 pg mL™" with metha-
nol. The internal standard working solution was diluted from the
internal standard stock solution to 200 pg mL™" with methanol.
All solutions were sealed with parafilm and stored at —20 °C until
use. The calibration samples were prepared at final concentra-
tions of 0.1, 0.5, 1, 5 and 10 pg mL™" (for luteolin-7-O-glucoside,
luteolin and apigenin) and 0.1, 0.5, 1, 5, 10 and 50 ug mL™" (for
apigenin-7-O-glucoside). The flower and the stem-and-leaf
extracts were filtered through 0.22-pm membrane filters (Millex-
GV; Millipore) and 10 pL was injected into the HPLC for further
analysis. To identify the existence of analytes in the extract, the
individual peak was confirmed by the retention time, UV spec-
trum, and addition of the spiked authentic standard to reconfirm
the peak in the chromatograms.

Animal experiments

The animal study protocol was approved by the Institutional Ani-
mal Care and Use Committee (IACUC) by the Institute Animal
Experimentation Committee of National Yang-Ming University,
Taipei, Taiwan (IACUC approval no: 1080328). All animal experi-
ments followed the National Yang-Ming University guidelines
and procedures. Adult male specific pathogen-free Sprague-
Dawley rats (250 + 50 g) were obtained from the Laboratory Ani-
mal Center of the National Yang-Ming University. The animals
were given free access to water and food (Laboratory Rodent Diet
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5001; PMI Feeds, Richmond, IN, USA) and were maintained under
a 12:12 h light/dark photocycle.

To conduct pharmacokinetic studies under the usual physiolog-
ical status, a model of conscious and freely moving rats was
applied to exclude the stress caused by restraint or anesthesia.
The rats were anesthetized with pentobarbital (50 mg kg™, i.p.)
during the surgery. A polyethylene tube (PE-50) was implanted
in the right jugular vein for blood sampling. The tube crossed
the subcutaneous tissue and was fixed at its exit at the dorsal neck
region. To avoid blood coagulation, the polyethylene tube was
rinsed with heparinized saline (20 units mL™"). The rats were
placed in experimental cages for 1 day until recovery from anes-
thesia after surgery and were fasted for 12 h but given ad libitum
access to water before oral administration.

Drug administration

The flower and stem-and-leaf extracts of D. morifolium were dis-
solved in water, and a dose of 10 g kg~' was orally administered
to the rats (n = 6) by gavage individually. An aliquot of blood
(200 pL) was collected from the jugular vein at baseline, 5, 15,
30, 60, 120, 180, 240, 360, 480, 600, 720, 960 and 1440 min after
dosing and was stored in a plastic centrifuge vial rinsed with hep-
arin. Blood samples were centrifuged at 16 000 X g for 10 min at
4 °C to separate plasma. The plasma was stored at —20 °C before
sample preparation and analysis.

Preparation of rat plasma samples

Enzymatic hydrolysis reactions using g-glucuronidase/sulfatase or
p-glucuronidase were performed to obtain aglycone, such as
luteolin and apigenin. An aliquot of plasma blank (50 pL) or sample
with f-glucuronidase/sulfatase (50 pL; sulfatase 100 units mL™" in
acetate buffer, pH 5.0, containing f-glucuronidase 3000 units mL™")
or B-glucuronidase (3000 units mL™" in acetate buffer, pH 5.0) was
incubated in a 37 °C water bath for 1 h. The hydrolyzed plasma
(50 pL) sample was fortified with the internal standard solution
(10 pL) and acetonitrile (90 pL) to terminate the hydrolysis. The mix-
ture of sample was vortexed for 5 min and centrifuged at 10000 X g
for 10 min at 4 °C. The supernatant was filtered through a 0.22-pm
membrane filter (Millex-GV; Millipore) before HPLC analysis.

Preparation of calibration standards for rat plasma

analysis

The standard stock solution containing luteolin and apigenin
(1.0 mg mL™") and the internal standard solution containing clo-
zapine (1.0 mg mL™") were both prepared in acetonitrile. The
standard working solutions containing both luteolin and apigenin
were diluted from the standard stock solutions to concentrations
of 5,10, 20, 100, 200 and 500 pg mL~" with methanol. The internal
standard working solution was diluted from the internal standard
stock solution to 200 pg mL™" with acetonitrile. All the solutions
were sealed with parafilm and stored at —20 °C until use. Blank
plasma (40 pL), standard working solutions (10 pL), acetate buffer
(50 pL), internal standard working solution (10 pL) and acetonitrile
(90 pL) were used to prepare the various concentrations of 0.25,
0.5,1,5,10 and 25 pg mL~" for the calibration curve for the ana-
lytes. Validation samples at low, medium and high concentrations
(0.25,5 and 25 pg mL™") were prepared in the same manner.

Statistical analysis

WinNonlin Standard Edition, version 5.3 (Scientific Consulting,
Apex, NC, USA) was used for calculating the pharmacokinetic
parameters, including the maximum plasma concentration

(Gnax), time to reach the maximum concentrations (Tmax), half-
life (t;,2), area under the concentration—time curve (AUC) and
oral clearance (CL). The results were estimated by a noncom-
partmental analysis. Statistical data are expressed as the
mean + SD. The comparison between two groups was deter-
mined by Student's t-test. P < 0.05 was considered statistically
significant.

RESULTS AND DISCUSSION

Optimization the conditions of HPLC coupled to a
photodiode array detector

The organic solvents of methanol and acetonitrile were used to
optimize the peak shape of the analytes, luteolin-7-O-glucoside,
apigenin-7-O-glucoside, luteolin and apigenin, and using metha-
nol provided a sharper peak shape than that of acetonitrile.
Although a phenyl-hexyl column (150 mm x 4.6 mm i.d,; particle
size 5 um) coupled with acetonitrile as the mobile phase was used
in a previous study,'® the differences in conditions may result
from the different properties of the C8 and phenyl-hexyl columns.
In addition, the peak tailing was improved by using KH,PO, solu-
tion adjusted to pH 2.5 as the water phase, which was consistent
with a previous study using sodium dihydrogen phosphate solu-
tion."® The internal standards of ornidazole and clozapine were
selected in the present study as a result of the lack of interference
during the chromatogram monitored at UV 340 nm. The retention
times of the internal standard (ornidazole), luteolin-7-O-glucoside,
apigenin-7-O-glucoside, luteolin and apigenin were 7.9, 16.3, 20.6,
28.9 and 31.7 min, respectively (Fig. 2). The UV spectra of the ana-
lytes recorded by the photodiode array detector are presented
in Fig. 3.

Analysis of flavonoids in the plant extracts

The analysis of flavonoids in the plant extracts was validated
according to the Bioanalytical Method Validation Guidance for
Industry by the US Food and Drug Administration (Docket Num-
ber: FDA-2013-D-1020). Luteolin-7-O-glucoside, apigenin-7-O-glu-
coside, luteolin and apigenin were analyzed in the plant extracts.
The calibration curves resulted in good linearity ranging from 0.1
to 50 ug mL™" for extract component analysis. The coefficient of
determination () values were all > 0.995. The LLOQ values for
luteolin-7-O-glucoside, apigenin-7-O-glucoside, luteolin and api-
genin were all 0.1 pgmL™', and the LOD values were all
0.05 ug mL™" in the standard solution.

The accuracy (bias %) and precision (RSD %) of luteolin-7-O-glu-
coside, apigenin-7-O-glucoside, luteolin and apigenin in standard
solution (50% MeOH) are shown in Table 1. The intra- and interday
accuracy and precision values of the four standard solutions at the
LLOQ were within +15.76%, and the others were all within
+9.33%, which demonstrated that this method has good repro-
ducibility (Table 1).

To identify the analytes in the chromatogram, the peak reten-
tion time (Fig. 2), UV spectra (Fig. 3) and spiking with authentic
standards were used to reconfirm the analytes of luteolin-7-O-glu-
coside, apigenin-7-O-glucoside, luteolin and apigenin in the
chromatogram (Fig. 2). The contents of luteolin, apigenin,
luteolin-7-O-glucoside and apigenin-7-O-glucoside in the flower
extract and the stem-and-leaf extract are summarized in Table 2.
The contents of luteolin-7-O-glucoside and apigenin-7-O-
glucoside in the flower parts were 3973 + 104 pg g™ ' and
31780 + 83.9 ug g~ ', respectively. These results correlated with
their aglycones, and the contents of luteolin and apigenin were
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Figure 2. HPLC chromatograms of (a) analyte standards of luteolin-7-O-glucoside, apigenin-7-O-glucoside, luteolin and apigenin each at a concentration
of 10 ug mL~" containing internal standard (IS); (b) flower extract 0.8 mg mL™’ spiked with internal standard (IS); (c) flower extract 0.8 mg mL™" spiked
with standards 10 pg mL™" and IS; (d) stem-and-leaf extract 0.8 mg mL™" spiked with IS; and (e) stem-and-leaf extract 0.8 mg mL™" spiked with standards
10 pg mL™" and IS. Peak 1: ornidazole (IS) 20 Hg mL™, 2: luteolin-7-O-glucoside, 3: apigenin-7-O-glucoside, 4: luteolin, 5: apigenin.

261.2 + 2.74 ug g~ ' and 931.6 + 8.19 ug g ~', respectively. Com-
pared with the content ratios of glycoside and aglycone, the ratios
(Cylycoside/Caglycone) Of luteolin and apigenin in the flower extract
were 15.2 and 34.1, respectively, which suggested that glycoside
was the major form present in the flower parts (Table 2). Among

the four flavonoids, three (luteolin-7-O-glucoside, apigenin-
7-O-glucoside and apigenin) had higher amounts in the flower
extract than in the stem-and-leaf extract, with luteolin being
the exception. The content of luteolin in the stem-and-leaf extract
was higher than that in the flower extract. However, luteolin-
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Figure 3. UV spectra of (a) luteolin-7-O-glucoside, (b) apigenin-7-O-glucoside, (c) luteolin and (d) apigenin.

Table 1. Accuracy (bias %) and precision (RSD %) of luteolin-7-O-glucoside, apigenin-7-O-glucoside, luteolin and apigenin standards

Intraday Interday
Crom (Mg mL™") Cobs (19 mL™ Accuracy (%) Precision (%) Cobs (Hg mL™") Accuracy (%) Precision (%)
Luteolin-7-O-glucoside
0.1 0.09 + 0.01 —12.14% 9.17% 0.09 + 0.01 —8.06% 14.26%
1 0.92 + 0.02 —7.88% 1.73% 0.95 + 0.07 —5.17% 7.90%
10 9.97 +0.02 —0.30% 0.23% 10.08 + 0.94 0.76% 9.33%
Apigenin-7-O-glucoside
0.1 0.1 £0.01 3.34% 8.63% 0.1 £0.01 2.19% 11.92%
1 1.01 +£0.02 1.22% 1.56% 1.01 £ 0.05 0.56% 4.59%
10 9.87 + 0.01 1.33% 0.14% 10.07 + 0.33 0.65% 3.31%
50 50.02 + 0.09 0.03% 0.18% 49.75 £ 0.14 —-0.5% 0.28%
Luteolin
0.1 0.09 + 0.01 -11.72% 8.11% 0.09 + 0.01 —7.97% 5.53%
1 0.96 + 0.02 —4.06% 1.61% 0.97 + 0.02 —-3.47% 2.53%
10 9.98 + 0.03 -0.17% 0.27% 10.18 + 0.21 1.81% 2.02%
Apigenin
0.1 0.08 + 0.00 —15.76% 2.71% 0.08 + 0.00 —16.38% 2.85%
1 0.97 + 0.01 -3.18% 1.46% 0.97 + 0.02 —2.79% 2.51%
10 9.98 + 0.01 —0.19% 0.15% 10.08 +0.18 0.82% 1.77%
Data are expressed as the mean + SD (n = 6). C,,,,, NOmMinal concentration; C,,,, observed concentration.

7-O-glucoside was not detected in the stem-and-leaf extract,
which may be a result of the content being lower than the detec-
tion limit of the current analytical system.

Method validation for the analytes in rat plasma
The analytical method for the analytes in rat plasma was also val-
idated in accordance with the Bioanalytical Method Validation

Guidance for Industry by USFDA.'® Luteolin and apigenin were
analyzed in plasma. The r values of the calibration curves ranging
from 0.25 to 25 pg mL~" for plasma sample analysis were all
> 0.995. The LLOQs for luteolin and apigenin were both
0.25 pg mL™" and the LODs were both 0.1 pg mL~" in plasma.
The accuracy (bias %) and precision (RSD %) of luteolin and api-
genin in rat plasma are shown in Table 3. The intraday accuracy of
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Table 2. Contents of the 4 flavonoids in flower and stem-and-leaf
extracts of D. morifolium

Stem-and-leaf

Flower extract extract
Luteolin-7-0- 3973 + 104 pg g™ ND?
glucoside
Apigenin-7-O- 31780+ 839pugg™" 990.8 + 168 pg g~
glucoside
Luteolin 2612+ 274pgg”" 467.6 +9.53 ug g™’
Apigenin 9316 +8.19ug g™ 4532+ 116pgg™"

? Not detected. Data are presented as the mean + SD (n = 4).

luteolin ranged from 0.74% to —10.04% and apigenin from
—0.46% to —16.27%, and the intraday precision ranges were
1.50-5.86% and 1.67-5.79%, respectively. The interday accuracy
of luteolin ranged from 0.32% to 14.14%, and that of apigenin ran-
ged from 0.58% to 7.00%, and the interday precision ranges were
1.91-5.86% and 1.26-9.76%, respectively. All the accuracy and
precision values were within +15%, except at the LLOQ, which
was within +£20%. The results indicated that the method was
repeatable on the same day and on different days (Table 3).

The recoveries (%) of low-, medium- and high-quality control
(QQ) concentrations of luteolin and apigenin are presented in
Table 4 and were obtained by dividing the peak area of the QC
concentrations prepared from the standard solutions by the peak
area of the blank plasma spiked with the QC concentrations. The
extraction rates demonstrated the good efficiency of this method
(Table 4).

Stability (%) analysis was conducted to test the unprepared and
prepared flavone-spiked validation samples under various condi-
tions, and the results are shown in Table 5. The stability of the pre-
pared QC samples in the autosampler (12 h at 4 °C) ranged from
98.17% to 111.3%. The stability values of the unprepared QC sam-
ples assessed in the short term (6 h at room temperature), long
term (7 days at —20 °C) and three freeze-thaw cycles (freeze at

—20 °C for 24 h and then thaw at room temperature for 12 h,
repeated for three cycles) ranged from 92.1% to 100.8%, 85.04%
10 97.71%, and 83.29% to 97.9, respectively. Both luteolin and api-
genin in plasma showed good stability under the four conditions
(Table 5).

Optimization of the enzymatic hydrolysis reactions
To optimize the efficiency of enzyme activity, a pretest was con-
ducted to examine the unit activities of f-glucuronidase/sulfatase
and f-glucuronidase used for hydrolysis reactions. An aliquot of
50 pL of g-glucuronidase/sulfatase was added to 50 pL of plasma
sample and incubated in a 37 °C water bath for 1 h. Different con-
centrations of p-glucuronidase/sulfatase were used to optimize
the reaction such as 1000, 3000, 6000 or 15 000 units mL™" were
used for f-glucuronidase and 33.33, 100, 200 or 500 units mL™"
were used for sulfatase. The results suggested that the
3000 units mL™" of f-glucuronidase and 100 units mL™" of sulfa-
tase provided the best reaction for the enzymatic hydrolysis.
The plasma sample was collected at 450 min after stem-and-leaf
extract administration (10 g kg_1, p.o.), which was a result of the
time reach C,,x

To optimize the dose of botanic extracts for oral administration
in rat, a pilot study was performed. According to the analytical
results from the extracts of D. morifolium, the flavone contents
of luteolin and apigenin were 261.2 +274 and 931.6
+8.19 pg g7, respectively (Table 2). However, after oral adminis-
tration of the botanic extract (10 g kg_1, p.0.), the peaks of luteolin
and apigenin were all undetectable by the analytical system,
which may be a result of the low bioavailability or fast biotransfor-
mation of the flavones. Thus, the p-glucuronidase/sulfatase and
p-glucuronidase were used for enzymatic hydrolysis reactions.
Based on the pilot study, the dose of botanic extract (10 g kg™,
p.o.) was selected for pharmacokinetic investigation, as well as
to explore the potential metabolic mechanism of luteolin and api-
genin in rat.

Typical chromatograms are provided for luteolin, apigenin and
internal standard in rat plasma treated with g-glucuronidase/sul-
fatase or p-glucuronidase (Fig. 4) after administration of the flower
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Table 3. Accuracy (bias %) and precision (RSD %) of luteolin and apigenin in rat plasma

intraday interday
Crom (g mL™") Cops (ng ML™Y Accuracy (%) Precision (%) Cops (ng mL™") Accuracy (%) Precision (%)
Luteolin
0.25 0.22 + 0.01 —10.04% 5.86% 0.29 + 0.02 14.14% 5.86%
0.5 0.51 +0.02 2.85% 3.2% 0.53 + 0.01 6.06% 1.91%
1 1.04 + 0.03 3.74% 2.54% 1+ 0.05 0.32% 5.36%
5 511 +0.12 2.1% 2.31% 4.66 + 0.12 —6.78% 2.59%
10 10.07 + 0.15 0.74% 1.5% 9.22 +0.2 —7.85% 2.18%
25 2525 +0.85 0.98% 3.37% 23.11 +0.82 —7.56% 3.53%
Apigenin
0.25 0.21 + 0.01 —-16.27% 5.79% 0.26 + 0.03 5.56% 9.76%
0.5 0.49 + 0.01 —2.34% 2.85% 0.53 + 0.02 7.00% 4.48%
1 1.01 + 0.03 0.72% 2.76% 1.05 + 0.07 4.51% 6.74%
5 4.98 + 0.08 —0.46% 1.67% 5.03 +0.14 0.58% 2.70%
10 9.86 + 0.21 —-1.4% 2.16% 9.92 + 0.12 —0.84% 1.26%
25 24.44 + 0.70 —2.24% 2.88% 24.48 + 0.51 —-2.10% 2.07%
Data are expressed as the mean + SD (n = 6). C,,o,,, NOMinal concentration; C,,,, observed concentration.

J Sci Food Agric 2021

© 2021 Society of Chemical Industry

wileyonlinelibrary.com/jsfa




C
SCI

where Siishie

Pt WWW.s0ci.org Y-H Chiang et al.
__________________________________________________________________________________________________________________|

Table 4. Recovery of luteolin and apigenin in rat plasma

Peak area

Nominal concentration (ug mL™") Neat sample Pre-extraction spiked matrix sample Recovery (%)

Luteolin

0.25 7104 + 323 7063 + 164 99.48 + 2.27
5 162 500 + 4729 154 500 + 437 95.15 + 3.01
25 790 900 + 27 108 741200 + 11721 93.81 +4.33
Apigenin

0.25 11480 + 163 10710 £ 735 93.23 + 542
5 261 800 + 6654 256 776 + 2529 98.13 + 2.27
25 1260 000 + 29 730 1191498 + 15 560 94.58 + 3.29

Data are expressed as the mean + SD (n = 3). Recovery (%) = (Peak area of the pre-extraction spiked matrix sample)/(Peak area of the neat sample).

Table 5. Stability of luteolin and apigenin in rat plasma

Nominal concentration (pg mL™h Autosampler stability (%) Short-term stability (%) Long-term stability (%) Freeze-thaw stability (%)

Luteolin

0.25 98.17 + 5.86 100.8 + 1.94 97.71 £ 1.39 97.90 + 0.84
5 100.1 £0.33 94.66 + 0.42 94.60 + 3.91 89.15 £ 1.70
25 98.41 + 0.48 92.10 + 3.76 85.04 + 3.63 83.29 +2.79
Apigenin

0.25 1113 +£4.59 95.96 + 1.03 96.19 + 1.28 9492 + 2.89
5 100.9 £ 0.70 94.17 +£1.03 9432 + 246 94.03 +1.83
25 98.98 + 2.28 92,97 + 040 86.23 + 2.32 89.73 £ 242

Data are expressed as the mean + SD (n = 3). Stability (%) = (Cafter/Coefore) X 100. Autosampler stability: the samples were kept in a 4 °C autosampler
for 12 h. Short-term stability: the samples were kept at room temperature for 6 h. Long-term stability: the samples were kept at —20 °C for 1 week.

Freeze-thaw stability: the samples were frozen at —20 °C for 24 h and then thawed at room temperature for 12 h, repeated for three cycles.

and stem-and-leaf extracts (10 g kg™', p.0.). The results showed
that the apigenin levels in both the flower and stem-and-leaf
extract administration groups were higher than the luteolin levels
when treated with g-glucuronidase/sulfatase. Then again, with
the same processes, the concentration of luteolin was higher than
that of apigenin when treated with g-glucuronidase. These results
suggested that the predominant phase Il metabolic pathways of
luteolin and apigenin were glucuronidation and sulfation conju-
gation, respectively.

Hydrolysis of glucuronide and sulfate conjugation for
luteolin and apigenin

To investigate the glucuronide or sulfate conjugations for luteolin
and apigenin, the g-glucuronidase/sulfatase or g-glucuronidase
enzymes were used to treat the plasma sample after oral adminis-
tration of flower and stem-and-leaf extracts. The data demon-
strated that, for the plasma sample collected at 720 min after
flower extract administration (10 gkg™', p.o.), only a small
amount of luteolin could be detected, although apigenin was
undetectable. When the same plasma sample was incubated with
f-glucuronidase/sulfatase via the same processes, the luteolin
and apigenin concentrations were 0.75 and 9.37 pg mL™', respec-
tively. For the plasma sample collected at 720 min after stem-and-
leaf extract administration (10 g kg™', p.0.), both luteolin and api-
genin were undetectable. When the same plasma sample was
treated with g-glucuronidase/sulfatase, the luteolin and apigenin
concentrations were 3.67 and 5.62 pg mL~", respectively. These

results demonstrated that most luteolin and apigenin existed as
glucuronic and sulfate conjugates in the rat plasma. These phe-
nomena revealed that reversible phase Il metabolic pathway
had taken place for luteolin and apigenin.

Glucuronidation of luteolin and apigenin

To identify the catalyze enzyme, only g-glucuronidase was used
instead of mixed p-glucuronidase/sulfatase in the above study.
The results demonstrated that, for the plasma sample collected
at 720 min after administration of flower extract (10 g kg™, p.0.)
and stem-and-leaf extract (10 g kg™', p.o.), only a small amount
of luteolin could be detected, and apigenin was undetectable.
When plasma samples were incubated with pg-glucuronidase
under the same conditions, the luteolin concentrations in the
groups administered flower and stem-and-leaf extracts were
0.63 and 2.85 pg mL™", respectively. These results suggested that
luteolin primarily underwent glucuronidation rather than api-
genin. The mean plasma concentration-time profiles of rat plasma
incubated with p-glucuronidase/sulfatase and pg-glucuronidase
are shown in Fig. 5. The pharmacokinetics of luteolin and apigenin
after the administration of flower or stem-and-leaf extract
(10 g kg™', p.o.) are shown in Table 6.

Luteolin and apigenin, distributed in different parts of
D. morifolium, mostly present as forms of glucoside or glucuronic
acid conjugation, which can be hydrolyzed to aglycones in rat cul-
tured hepatocytes*' and in rabbit, rat and human fecal flora.*?
Previous studies have shown that both luteolin and apigenin
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Figure 4. HPLC chromatograms of (a) blank plasma sample incubated with g-glucuronidase/sulfatase; (b) luteolin (0.75 pg mL™") and apigenin
(9.37 pg mL™") in plasma sample collected at 720 min after flower extract of D. morifolium (10 g kg™, p.0.) administration; (c) luteolin (3.67 pg mL™")
and apigenin (5.62 pg mL™") in plasma sample collected at 720 min after stem-and-leaf extract of D. morifolium (10 g kg™', p.0.) administration incubated
with g-glucuronidase/sulfatase; (d) blank plasma sample incubated with f-glucuronidase; (e) luteolin (0.63 pg mL™") in plasma sample collected at
720 min after flower extract of D. morifolium (10 g kg‘1, p.o.) administration; and (f) luteolin (2.85 pg mL™ ") in plasma sample collected at 720 min after
stem-and-leaf extract of D. morifolium (10 g kg ™', p.0.) administration incubated with g-glucuronidase. Peak 1: internal standard, clozapine, 2: luteolin, 3:

apigenin.

undergo phase Il metabolism by UGTs, sulfotransferases and
COMTs in the intestine and liver, resulting in very little detectable
luteolin and apigenin after oral administration of the extracts.
Therefore, f-glucuronidase and sulfatase were used to determine
the amounts of luteolin and apigenin conjugates in plasma and to
compare the oral bioavailability of flavonoids between the flower
and stem-and-leaf extracts of D. morifolium. An ex vivo study dem-
onstrated that, during apigenin perfusion using an isolated rat
liver, none of the phase | metabolites could be recovered. By con-
trast, the glucuronic conjugations and sulfonic conjugations of
apigenin were recovered and identified.3? This phenomenon is
consistent with our finding that only a small amount of aglycone
can be detected, and the conjugated metabolites were major
forms present within the body after the ingestion of the herbal
extracts.

Pharmacokinetics of luteolin and apigenin treated with
B-glucuronidase/sulfatase and f-glucuronidase

The pharmacokinetic results demonstrated that the AUC values of
luteolin in plasma after administration of flower extract (10 g kg™,

p.o.) showed no significant difference between enzymatic hydro-
lysis by p-glucuronidase/sulfatase and f-glucuronidase. These
results again confirm that the major enzyme responsible for luteo-
lin metabolism was f-glucuronidase (Table 6). Other pharmacoki-
netic parameters, such as the Cnhax, Tmax and t;», were not
significantly different in the hydrolyzed results of the two
enzymes (Table 6). For apigenin, the AUC values of hydrolysis by
f-glucuronidase/sulfatase were approximately 45 times higher
than those of f-glucuronidase hydrolysis alone and the Cpax Of
obtained by the f-glucuronidase/sulfatase treatment was approx-
imately 19.6 times higher than that obtained by the
f-glucuronidase alone treatment. Although there were no signifi-
cant differences between their T,,, and t,,, values, suggesting
that apigenin primarily went through the metabolic pathway of
sulfate conjugation (Table 6).

In the stem-and-leaf extract group, the AUG, _ ;and Cax Values
of luteolin after hydrolysis by p-glucuronidase/sulfatase and
p-glucuronidase were statistically significant. When the plasma
sample was treated by the hydrolysis of f-glucuronidase/sulfa-
tase, the AUC,,;; of apigenin was 6223 + 1000 min pg mL™",
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sulfation. The biotransformation ratio of fisetin into glucuronides
and sulfates was defined as k (%) = AUC conjugates/AUCparent. The
AUC values of fisetin and its glucuronide and sulfate conjugations
in plasma were 275.9, 1719 and 6429 min pg mL™", respectively,
with a relative ratio of 1:6:21.4° The phase Il biotransformation of
apigenin is consistent with fisetin, which mainly goes through sul-
fate conjugation.

The absorption of luteolin and apigenin in the stem-and-leaf
group were slower than the flower group reflected by the T,
values (Table 6). This result may be a result of the difference of
conjugated glycoside group with luteolin and apigenin between
different plant part extracts because we can see their composi-
tions of flavonoids were not the same in Table 2. The above phar-
macokinetic results also demonstrated that the amount of
luteolin absorbed from the stem-and-leaf extract was approxi-
mately 4.6 times higher than that from the flower extract even
though the dose administered was the same. However, the
amount of apigenin in the flower extract was about 1.4 times
higher than that from the stem-and-leaf extract. Perhaps the
stems and leaves of D. morifolium could be used as a better source
of nutritional supplement.

CONCLUSIONS

In conclusion, the present study determined the contents of luteo-
lin, apigenin, luteolin-7-O-glucoside and apigenin-7-O-glucoside in
the flower extract and the stem-and-leaf extract. The glycoside
and aglycone content ratios (Cgycosige/Gaglycone) Of luteolin and api-
genin in the flower extract were 15.3 and 34.2, respectively, which
indicated that the glucosides of luteolin and apigenin are more
abundant than the aglycone and the glycosides in the flower parts.
Based on the biotransformation study, the phase Il conjugated reac-
tions for luteolin and apigenin were predominated by glucuronide
and sulfate conjugation, respectively, which was represented in
both the flower and stem-and-leaf extracts. The luteolin glucuro-
nide products in the group administered the stem-and-leaf extract
were approximately 5-fold higher than those in the group adminis-
tered the flower extract. These results also provide the construc-
tively important information that the stem-and-leaf parts of
D. morifolium may be used as alternative parts of chrysanthemum
flower regarding the health-promoting effects contributed by the
flavonoid derivatives.
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