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Pharmacokinetic Studies of Phloretin in Beagle Dogs Plasma Using LC–MS/MS
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This is an o
bution, and
A simple, sensitive, and rapid liquid chromatography–tandem mass spectrometry (LC–MS/MS) method has been de-
veloped and validated for determination of phloretin in dog plasma using darunavir as internal standard. The phlore-
tin was separated by the Inertsil® ODS3 C18 column (150 mm × 4.6 mm, 5 μm) and determined by LC–MS/MS.
The electrospray ionization (ESI) source was operated in negative ionization mode for phloretin and positive ioniza-
tion mode for darunavir (internal standard, IS). The multiple reaction monitoring (MRM) transitions were chosen to
be m/z 273.0 → m/z 148.9 for phloretin, m/z 443.2 → m/z 401.0 for 2′,4′,6′,4-tetra-acetylphloretin and m/z 548.1 →
m/z 69.1 for IS. The method was validated for accuracy, precision, linearity, range, selectivity, lower limit of quantifi-
cation (LLOQ), recovery, and matrix effect. All validation parameters met the acceptance criteria according to regulatory
guidelines. 2′,4′,6′,4-Tetra-acetylphloretin, as a prodrug of phloretin, is more stable than phloretin (PH) in vitro, protect-
ing phenolic hydroxy from being oxygenated. The method had been successfully applied to a pharmacokinetic study
of administration of phloretin and 2′,4′,6′,4-tetra-acetylphloretin in beagle dogs. Significant differences of tmax, Cmax,
and area under the plasma concentration curve (AUC) were observed between phloretin and 2′,4′,6′,4-tetra-acetylphloretin.
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Introduction

Apple polyphenols are naturally occurring plant compounds
that act as potent antioxidants [1, 2]. In addition, apple polyphe-
nols also can provide cardiovascular protection [3, 4], prevent
dental caries [5], and have anti-inflammatory effects [2, 6], with
lots of developing potential [7–9]. Phloretin (2′,4′,6′-trihydroxy-
3-(4-hydroxyphenyl)-propiophenone, PH, Figure 1A) is a dihy-
drochalcone, a main component of apple polyphenols. It can be
found in apple tree leaves [10], pear, and strawberries [11].

The unique chemical structure of PH determines its strong an-
tioxidant activity. PH displayed a potent antioxidant activity in
peroxynitrite scavenging and the inhibition of lipid peroxidation.
The research revealed that the antioxidant pharmacophore of PH
is 2,6-dihydroxyacetophenone [12]. De Jonge et al. [13] found
that PH was an oxidative phosphorylation uncoupler and inhibi-
tor in 1983. Both NADH- and succinate-dependent respiration
were inhibited by PH. Glutamic acid, succinic acid, and ascorbic
acid oxidation in mitochondria were inhibited by PH. Studies
have shown that agents with antioxidant activity can effectively
protect the skin from damage which caused by free radicals. It
was confirmed that PH has a strong activity of antioxidant and
inhibition of tyrosinase, so the PH was widely used in the field
of cosmetics to eliminate skin wrinkles, reduce the appearance
of lines and pigmentation, prevent skin damage caused by UV
rays, and whiten skin [14–16].

Besides its potent antioxidant property, PH was known to be a
competitive inhibitor of sodium D-glucose cotransporter [17]. Wil-
brandt and Rosenberg [18] have found that transport of glucose
in human erythrocytes containing a certain concentration of PH
was inhibited. PH could also play a role in immune suppres-
sion by adjusting the level of pro-inflammatory cytokines [19,
20]. For PH, a lot of research suggested that PH may be useful
for cancer chemotherapy and chemoprevention [21–25]. PH
has also some other biological functions. Fat cells are closely
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related to human health. The dysfunction of fat cells can lead
to obesity, diabetes, cardiovascular disease, etc. However, PH
has an effect on protein-coding genes including fat cytokine,
adiponectin, and its receptors, thereby affecting the fat cells to
generate and store triglycerides, to achieve the purpose of dis-
ease prevention and cure [26, 27].

Due to the therapeutic effects of PH, the pharmacokinetic
studies of PH are essential. Some previous studies have shown
that the poor bioavailability of apple polyphenols is mainly
due to the wide range of phase II metabolism in vivo [28–31].
Kahle et al. [32] assessed phloretin content in apple juices
through high-performance liquid chromatography (HPLC)
using photodiode array detection and gradient elution. Andrews
et al. [33] reported an analytical method for the determination
of phloretin in rat serum using HPLC. Lijia et al. [34]
reported an analytical method for the determination of phlori-
zin and phloretin in human plasma using ultra-high perfor-
mance liquid chromatography–tandem mass spectrometry
(UHPLC–MS/MS). In the present study, we established a sim-
ple, sensitive, and rapid liquid chromatography (LC)–MS/MS
method and validated for determination of PH in dog plasma
using darunavir as internal standard. It was successfully applied
to the pharmacokinetic study of PH after oral administration to
dogs. We found that its pharmacokinetic properties are not fa-
vorable since this compound has poor bioavailability being rap-
idly and extensively metabolized. Yang et al. [35] have found
that acetylated hydroxyl groups did not undergo glucuronidation
and the modified compound exhibited a better pharmacokinetic
profile. In order to improve the bioavailability of PH, we pro-
tected the hydroxyl groups of PH from metabolism by acetylat-
ing them and synthesized 2′,4′,6′,4-tetra-acetylphloretin (TAPH,
Figure 1B). TAPH as a prodrug of PH is more stable than PH
in vitro, protecting phenolic hydroxy from being oxygenated.
TAPH transformed into PH in vivo, and we only detected PH in
dog plasma after oral administration of TAPH to dogs by
LC–MS/MS. In this study, we examined and compared the phar-
macokinetics of TAPH with those of PH in dogs by taking ad-
vantage of LC–MS/MS.
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Figure 1. Chemical structures of PH (A), TAPH (B), and darunavir (IS) (C)

Pharmacokinetic Studies of Phloretin
Method

Materials and Reagents. PH (Lot No. XC20140403, purity
>99%) was purchased from Xi'an Plants of Grass Technology
Co. Ltd. (Shaanxi, China), TAPH and darunavir (internal
standard, IS) were synthesized at the Department of Medicinal
Chemistry, Fourth Military Medical University and identified by
infrared (IR), proton nuclear magnetic resonance (1H NMR), and
high-resolution mass spectrometry (HRMS) with purity greater
than 99%. PH capsules (each capsule contains 100 mg PH) and
TAPH capsules (each capsule contains 160 mg TAPH) were
manufactured by the Department of Pharmacy, Tangdu Hospital,
Fourth Military Medical University. Ethyl acetate was purchased
from Tianli Chemical Reagent Co. Ltd. (Tianjin, China).
Methanol and acetonitrile were of HPLC grade (Tedia Co. Inc.,
Ohio OH, USA). Milli-Q water was used throughout the whole
experiments (Millipore, Bedford, MA, USA). Other solvents
used for analysis were of analytical grade.

Animals. All the pharmacokinetic studies on animals were
carried out in accordance with the Guidelines for the Care and
Use of Laboratory Animals. Eighteen healthy beagle male dogs
weighing 12.0 ± 1.0 kg (Certificate No. 61001600000032) were
purchased from Chengdu Dossy Biological Technology Co. Ltd.
(Sichuan, China) and acclimated in the laboratory for 2 weeks
prior to the experiments. All the animals were fasted for 12 h
before the experiments with free access to water. Dogs were set
free in their individual cages throughout the experiment after the
capsules were administered. The experimental protocol (2014-
0367-R) involving animals was reviewed and approved by the
Institutional Animal Care and Use Committee of the Fourth
Military Medical University.

Instrumentation and Analytical Conditions. The liquid
chromatography was performed on an Agilent 1260 Series liquid
chromatography (Agilent Technologies, Palo Alto, CA, USA),
which included an Agilent 1260 Quat pump VL (model G1311C),
Agilent 1260 Autosampler (model G1329B), and temperature-
controlled column compartment (model G1316A). The LC system
was coupled with an Agilent 6460 triple quadrupole mass
spectrometer equipped with an electrospray ionization source.
Chromatographic separation was achieved on an Inertsil® ODS3
C18 column (150 mm × 4.6 mm, 5 μm) and maintained at 30 °C.
The mobile phase consisted of methanol–0.1% ammonia in
water (85:15, v/v) with fast gradient elution at a flow rate of
0.5 mL min−1 and run time of 5 min. The eluent flow was led
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into the MS/MS starting 0.5 min after injection by switching the
MS inlet valve. The sample volume injected was 5 μL, and the
temperature of autosampler was set at 4 °C.

The mass spectrometer was run in electrospray ionization
(ESI) mode using multiple reaction monitoring (MRM) to
monitor the mass transitions. The mass analysis and detection
were conducted using an Agilent 6460 triple quadrupole mass
spectrometer (USA) equipped with an ESI source. The ESI
source was operated in negative ionization mode for PH and
positive ionization mode for TAPH and darunavir (IS). The
MRM transitions were chosen to be m/z 273.0 → m/z 148.9
for PH, m/z 443.2 → m/z 401.0 for TAPH, and m/z 548.1 →
m/z 69.1 for IS. The fragmentor voltage values set for PH and
IS were 120, 48, and 110 V. The collision energy values set
for PH and the IS were 45, 17, and 22 eV. The mass resolu-
tion was set at 0.7 μFWHM (unit mass resolution) for both
quadrupoles. Other parameters of the mass spectrometer were
as follows: gas flow, 12.0 L min−1; gas temperature, 300 °C;
sheath gas flow, 10 L min−1; sheath gas temperature, 250 °C;
nebulizer, 45 psi; capillary, 3500 V; chamber current,
0.30 μA; and capillary current, 5641 nA. Data were acquired
and analyzed with Agilent MassHunter software.

Preparation of Stock Solutions. Stock solutions (1 mg
mL−1) were prepared in methanol. These stock solutions were
diluted with methanol to obtain calibration solutions (range,
20–50,000 ng mL−1). Internal standard solution was prepared
by dilution of stock solution to a concentration of 10 ng mL−1.
All the solutions were stored at −20 °C and were brought to
room temperature before use.

Drug Administration and Plasma Sample Collection. In the
pharmacokinetic study, 18 dogs were randomly divided into
three groups (n = 6 per group). The dogs of the 1st groups were
orally administered with three PH capsules (300 mg), the dogs of
the 2nd groups were orally administered with six PH capsules
(600 mg), the dogs of the 3rd groups were orally administered
with twelve PH capsules (1200 mg). Then, 2 mL of blood
samples were taken into a pre-heparinized blood collection tube
at predose, 10, 30, 60, 120, 240, 360, 480, 720, and 1440 min
postdosing. After a washout period of 1 month, the dogs of the
1st groups were orally administered with three TAPH capsules
(480 mg), the dogs of the second groups were orally
administered with six TAPH capsules (960 mg), the dogs of the
third groups were orally administered with twelve TAPH
capsules (1920 mg). Then, 2 mL of blood samples were taken
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into a preheparinized blood collection tube at predose, 10, 30,
60, 120, 240, 360, 480, 720, 1440, and 2160 min postdosing.
Each blood sample was immediately centrifuged at
approximately 12,000g, 4 °C for 15 min, and a 400-μL aliquot
of supernatant plasma layer was transferred into another tube and
stored at −20 °C until analysis.

Sample Preparation. An aliquot of 400 μL dog plasma
sample was mixed with 10 μL of internal standard solution
(10 ng mL−1), and 1 mL of ethyl acetate was added. The
sample was vortex mixed for 3 min, which was followed by
centrifugation at 12,000g for 15 min. Finally, 800 μL of upper
organic phase was transferred to another tube and evaporated
to dryness at 40 °C under nitrogen. The resulting extract was
dissolved in 80 μL of methanol and vortex mixed for 3 min.
After centrifugation at 12,000g for 15 min, an aliquot of 5 μL
sample was injected into the LC–MS/MS.

Selectivity and Matrix Effect. Selectivity was assessed by
comparing chromatograms of six different batches of drug-free
plasma. Blank samples were and analyzed by LC–MS/MS for
potential interfering peaks within the range of the retention time
of each analyte. To evaluate the matrix effect in the experiment,
chromatographic peak areas of each analyte from the unextracted
standard biological samples, at three different concentrations
(high, medium, and low), were compared to those for the clean
standard solutions at the same concentrations. Matrix effects for
the IS were also investigated.

Linearity and Calibration Curves. Linearity was analyzed
by the weighted regression method (1/x2) of peak area ratios
of PH to IS versus actual concentrations. The calibration
curves (n = 7) were prepared by blank plasma with standard
solution of PH. The lowest limit of quantification (LLOQ)
was defined as the lowest concentration which could be
determined with both accuracy and precision.

Accuracy and Precision. Accuracy and precision were
determined in six replicates at three concentration levels (high,
medium, and low) on the same day and three analytical batches
on three consecutive days using calibration curve, respectively.
The accuracy was estimated by the relative error (expressed as
relative error, %RE), and the precision, by relative standard
deviation (%RSD) for the same samples by comparing
concentration measured with the nominal value. The assay
accuracy was calculated as (observed concentration − spiked
concentration)/(spiked concentration) × 100%.

Stability. The stability of PH in dog biological samples was
evaluated by six replicates at three different concentrations
(high, medium, and low). The short-term stability was
examined by keeping the replicates of samples at room
temperature for 12 h. The long-term stability was assessed by
carrying out the experiment after 45 days of storage at −20 °C.
Freeze–thaw stability was assessed over three freeze–thaw
cycles. Postpreparation stability was assessed by analyzing the
extracted samples kept in the autosampler at 4 °C for 24 h.

Extraction Recovery. For the determination of recovery,
blank plasma was processed according to the sample
preparation procedure described above. The supernatant was
evaporated to dryness, and dry extracts were reconstituted in
the initial mobile phase with addition of appropriate standards
at concentrations corresponding to the final concentration of
the pretreated plasma samples. These spike-after-extraction
samples represented 100% recovery. The extraction recoveries
for PH were determined by comparing the mean peak areas of
six extracted low, medium, and high QC samples to mean
peak areas of six spike-after-extract samples at the same
concentrations. The extraction recoveries for IS were
determined at a single concentration of 1 ng mL−1.

Pharmacokinetic and Statistical Analysis. The LC–MS/
MS procedure developed here was used to investigate the
plasma profiles of PH after oral administration. All data were
subsequently processed by the Agilent MassHunter software
and Statistics version 2.0 (DAS 2.0, Anhui Provincial Center
for Drug Clinical Evaluation). Terminal elimination rate
constant (Ke) was determined by linear regression of the
terminal portion of plasma concentration–time data, and the
elimination half-life (t1/2) was calculated as 0.693/Ke. The area
under the plasma concentration curve (AUC) versus time
(AUC0−t) from time zero to the time of last measured
concentration (Clast) was calculated by the linear trapezoidal
rule. The AUC from time zero to infinity (AUC0−∞) was
obtained by the addition of AUC0−t, and the extrapolated area
was determined by Clast/Ke. Data were shown as mean ±
standard deviation (mean ± SD). All the data are expressed as
mean ± SD and a P value < 0.05 was deemed to be
statistically significant.

Results and Discussion

Method Validation
Specificity and matrix effect. Selectivity was assessed by

comparing chromatograms of six different batches of blank
dog plasma with the corresponding spiked plasma. Figure 2
shows the typical chromatograms of a blank plasma sample, a
blank plasma sample spiked with PH and IS, and a plasma
sample from a healthy dog 0.5 h after an oral administration
and IS. Under the given condition, PH and IS were eluted at
retention time of 2.4 min and 4.3 min, respectively. The result
demonstrated that there was no interference with the determi-
nation of the PH and IS, granting good method selectivity.
Matrix effects on recovery of blank dog plasma samples
spiked after the sample preparation with low, medium, and
high concentration levels of all three analytes were found to
be within the acceptable limits. The same evaluation was per-
formed on the IS (10 ng mL−1). Table 1 indicates that the
plasma matrix effect was negligible for the assay.

Linearity and calibration curves. The standard calibration
curve for spiked dog plasma containing PH was linear over the
range 20–50,000 ng mL−1 with a correlation coefficient r >
0.9975. The results indicated that the calibration curve was linear,
accurate, and precise over the range of the method.

Accuracy and precision. The results of intra- and inter-day
precision and accuracy for the assay of PH in blank plasma of
dogs were summarized in Table 2. The intra- and inter-day RSD
(%) were both no more than 6.1%, while the RE (%) of assay ac-
curacies ranged from 2.1 to 5.4%. This indicated that the method
was accurate and precise over the range of the assay. The LLOQ
for PH was 20 ng mL−1 at which both precision and accuracy
were less than 20% and within ±20%, respectively.

Stability. Table 3 demonstrates that the dog plasma samples
were stable at −20 °C for at least 4 weeks with no significant
loss. Plasma samples were stable over at least three freeze–thaw
cycles.

Extraction recovery. Table 4 illustrates the recoveries of
PH at three concentration levels and the recovery of IS. The
method was consistent, reproducible, and acceptable.

Pharmacokinetic Study. TAPH is a prodrug of PH by
acetylating its four hydroxyl groups. To our knowledge, this
study constituted the first report on the pharmacokinetics of
TAPH in dogs after oral administration and compared its
properties with those of its parent drug PH. A simple, specific,
and sensitive LC–MS/MS method has been successfully
validated and applied to quantification of PH in dog plasma.

Mean plasma concentration–time curves (n = 6) were pre-
sented in Figures 3 and 4. The main pharmacokinetic parame-
ters calculated using noncompartmental analysis were shown in
Tables 5 and 6.
445
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Table 1. Matrix effect for the assay of PH and IS in dog plasma (n = 5)

Sample Compound Concentration
(ng mL−1)

Absolute matrix
effect (mean ± SD)

Relative matrix
effect (RSD, %)

Plasma
PH

20 92.31 ± 4.15 5.4
1000 92.14 ± 3.87 4.2

30,000 94.25 ± 3.51 4.1
IS 10 94.56 ± 3.04 3.9

Table 2. Precision and accuracy for the assay of PH in dog plasma (intra-
day: 6 replicates at each concentration; inter-day: 18 replicates at each
concentration)

Sample Concentration
(ng mL−1)

Intra-day (n = 3) Inter-day (n = 6 × 3)

RSD (%) RE (%) RSD (%) RE (%)

Plasma
20 5.3 2.6 5.6 3.6

1000 4.3 2.1 3.6 3.4
30,000 5.1 4.3 6.1 5.4

Figure 2. Representative MRM chromatograms for PH and IS in dog plasma samples: (A) a blank plasma sample; (B) a blank plasma sample
spiked with PH (100 ng mL−1) and IS (1 ng mL−1); (C) a plasma sample from a healthy dog 30 min after an oral administration of PH (300 mg);
(D) a plasma sample from a healthy dog 30 min after an oral administration of TAPH (480 mg)

Pharmacokinetic Studies of Phloretin
The concentration of PH was determined at different times af-
ter oral administration at the dosages of PH (300 mg, 600 mg,
and 1200 mg) and TAPH (480 mg, 960 mg, and 1920 mg), re-
spectively. The data were analyzed by DAS 2.0, and pharmaco-
kinetic parameters were attained under different conditions. The
results indicated that the concentration–time (C–T) curves of
Table 3. Stability of PH under a variety of storage conditions (n = 3)

Sample Concentration
(ng mL−1)

Frozen for 30 days
(mean ± SD)

Three freeze–t
cycles (mean ±

Plasma
20 20.03 ± 0.01 20.04 ± 0.0

1000 1030 ± 34 1036 ± 56
30,000 29,831 ± 176 29,746 ± 16
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different dosages accorded with first-order linear equation. Three
curves of TAPH all possess double peaks, which may be related
to enterohepatic circulation, recirculation, and discordant absorp-
tion. PH was rapidly absorbed within 4 h, then reached the maxi-
mum plasma concentration (Cmax), and the concentration
decreased sharply. After PH was transformed into TAPH, PH
eliminated slowly after Cmax; meanwhile, AUC and t1/2 increased
among the three dosages. However, there were no differences in
other pharmacokinetic parameters such as tmax and CL/F among
the three dosages. Table 5 shows that PH was absorbed and dis-
tributed rapidly after oral administration to dogs, and then elimi-
nated from dog plasma with t1/2 of approximately 120 min (300
mg), 187 min (600 mg), and 268 min (1200 mg). The residence
time of PH was very long which might have some relationships
with its chemical structure and the physicochemical property. Af-
ter oral administration of TAPH to dogs, there can be PH mea-
sured after 10 min. This shows that TAPH decomposed and was
absorbed very quickly; meanwhile, the Cmax of the three dosages
(480 mg, 960 mg, and 1920 mg) decreased, indicating that
TAPH was absorbed and distributed and is more stable than PH.
AUC and t1/2 of TAPH increased among the three dosages,
showing that TAPH can effectively increase the bioavailability
and extend the duration of action of PH.
haw
SD)

Room temperature
for 12 h (mean ± SD)

Prepared samples in freezer
(−20 °C) for 24 h (mean ± SD)

0 20.03 ± 0.00 20.02 ± 0.01
1061 ± 42 1054 ± 53

9 28,947 ± 182 29,816 ± 146
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Table 4. The mean recoveries of PH and IS in dog plasma (n = 6)

Compound Add concentration
(10 ng mL−1)

Recovery (%)
(mean ± SD)

RSD
(%)

PH 20 93.15 ± 5.43 5.2
1000 94.87 ± 5.94 4.6

30,000 98.17 ± 3.75 3.4
IS 1 91.62 ± 5.41 6.1

Figure 3. Mean plasma concentration–time curves (mean ± SD, n = 6)
of PH after oral administration of PH (300, 600, and 1200 mg) to dogs

Figure 4. Mean plasma concentration–time curves (mean ± SD, n = 6)
of PH after oral administration of TAPH (480, 960, and 1920 mg) to dogs

Table 5. Pharmacokinetic parameters of PH in dogs after oral administration
of PH (n = 6)

Parameter Unit Administration of PH

300 mg 600 mg 1200 mg

AUC(0–t) mg L−1*min 296.2 ± 37.4 929.3 ± 108.2 2002.3 ± 140.1
AUC(0–∞) mg L−1*min 329.5 ± 53.7 1044.6 ± 199.7 2041.1 ± 116.3
t1/2 min 120.7 ± 14.1 187.5 ± 53.7 268.3 ± 123.1
tmax min 180.0 ± 69.28 240 240
CL/F L min−1 kg−1 0.093 ± 0.015 0.059 ± 0.011 0.059 ± 0.003
Cmax ng L−1 1025.1 ± 189.2 3075.9 ± 242.3 5712.3 ± 600.8

Table 6. Pharmacokinetic parameters of PH in dogs after oral
administration of TAPH (n = 6)

Parameter Unit Administration of TAPH

480 mg 960 mg 1920 mg

AUC(0–t) mg L−1*min 677.1 ± 28.4 1291.8 ± 38.7 4440.7 ± 205.4
AUC(0–∞) mg L−1*min 770.7 ± 131.2 1519.3 ± 200.5 5195.1 ± 1065.9
t1/2 min 677.54 ± 285.4 762.7 ± 288.3 745.7 ± 449.1
tmax min 240.0 ± 75.89 220.0 ± 48.99 240.0 ± 75.9
CL/F L min−1 kg−1 0.063 ± 0.009 0.064 ± 0.008 0.038 ± 0.006
Cmax ng L−1 631.7 ± 285.6 1274.5 ± 142.2 4121.5 ± 157.9

L. Wang et al.
Conclusion

To the best of our knowledge, this is the first report to evaluate
the pharmacokinetics of TAPH in dogs after oral administration
and compared its properties with those of its parent drug PH. A
validated LC–MS/MS method for the determination of PH in dog
plasma was developed and applied to investigate the
pharmacokinetics of PH and TAPH. The validation was per-
formed according to regulatory guidelines. After PH was trans-
formed into TAPH, its pharmacokinetic properties were
improved; for instance, AUC and t1/2 increased among the three
dosages. The present in vivo pharmacokinetics studies of PH and
TAPH in dogs will provide helpful information for the develop-
ment of suitable dosage forms and clinical references on rational
administration.
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