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Selaginella doederleinii Hieron is a traditional Chinese medicinal herb widely used to treat
different cancers. Previously, we showed that the total bioflavonoid extract of S.
doederleinii (TBESD) exhibits anti-carcinogenic activities both in vitro and in vivo.
However, the plasma protein binding and pharmacokinetics parameters of TBESD
remain unclear. To investigate plasma protein binding, tissue distribution, and excretion
of TBESD, rats were administered a single dose of TBESD (600 mg/kg) intragastrically and
tissue distribution and excretion of TBESD components were determined by rapid high-
performance liquid chromatography and tandem mass spectrometry. TBESD binding to
human serum albumin (HSA) was assessed by fluorescence spectroscopy. TBESD
components amentoflavone, delicaflavone, robustaflavone, 2″,3″-dihydro-3′,3‴-
biapigenin, and 3′,3‴-binaringenin were rapidly absorbed and distributed in various
tissues, mostly in the lungs, kidneys, and ovaries, without long-term accumulation. The
excretion of bioflavonoids occurred mostly via the intestinal tract and constituted 30% of
the administered dose up to 48 h. Spectral analysis indicated that TBESD had a dynamic
quenching effect on HSA by binding to one HSA site through hydrophobic interactions and
hydrogen bond formation. This is the first comprehensive report on the tissue distribution,
excretion, and plasma protein binding of TBESD. This study provides important
information on TBESD pharmacokinetics necessary for its further development into a
therapeutic form for clinical applications.
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INTRODUCTION

Selaginella doederleinii Hieron, a perennial herb with medicinal properties in southern China, has
been traditionally used in folk medicine to treat inflammation, cardiovascular disease, and malignant
tumors (Sui et al., 2016; Zou et al., 2017a; Zou et al., 2017b). The antitumor effect of S. doederleinii has
garnered attention because its extract has been shown to considerably inhibit tumor growth in vivo
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(Yao et al., 2017; Li et al., 2020). Previous phytochemical studies
have indicated that the main biologically active ingredients in S.
doederleinii are flavonoids. Among the flavonoids,
amentoflavone, delicaflavone, robustaflavone, 2″,3″-dihydro-
3′,3‴-biapigenin, and 3′,3‴-binaringenin are considered to be
mostly responsible for the antitumor effects of S. doederleinii
(Chen et al., 2020; Kang et al., 2021; Liu et al., 2021). Functional
pharmacological analysis revealed that the total bioflavonoid
extract of S. doederleinii (TBESD), especially delicaflavone, can
induce ROS-mediated apoptosis via caspase-dependent pathway
accompanying with cell cycle arrest and inhibition of MAPK
signaling cascades (Yao et al., 2019; Yao et al., 2020). In addition,
delicaflavone can induce autophagy cell death by inhibiting the
Akt/mTOR/p70S6K signaling pathway (Sui et al., 2016; Li et al.,
2020). Overall, these studies suggest that TBESD is a
promising anti-cancer candidate that deserves further
investigation.

Previous pharmacokinetics studies on delicaflavone and
TBESD have indicated that when administered as single
oral (30–60 and 300–600 mg/kg, respectively) or
intravenous (4 and 5–15 mg/kg, respectively) doses,
amentoflavone, delicaflavone, robustaflavone, 2″,3″-dihydro-
3′,3‴-biapigenin, and 3′,3‴-binaringenin have a short in vivo
half-life and oral bioavailability below 3.5% (Chen et al., 2018).
Analysis of tissue distribution of delicaflavone after
intravenous administration has illustrated distribution
predominantly in the livers, lungs, and kidneys, followed by
rapid elimination. However, to the best of our knowledge,
there are no specific reports on the tissue distribution,
excretion, and plasma protein binding of TBESD (Chen
et al., 2021).

Pharmacokinetic analysis of TBESD would reveal the
absorption, distribution, metabolism, and excretion of its
ingredients in vivo (Li et al., 2019). Furthermore, it may
help elucidate their functional mechanisms,
pharmacodynamics, and clinical efficacy, providing
valuable information for the rational use of this herbal
medicine and its further development (Zhu et al., 2020;
Matsumoto et al., 2021). Therefore, pharmacokinetic
investigation of TBESD is critical for understanding its
safety and pharmacological and clinical effectiveness (Liao
et al., 2021).

The pharmacokinetic parameters of drugs, such as
absorption, metabolism, tissue distribution, and excretion,
strongly depend on drug affinity to serum proteins,
especially serum albumins, which are extensively used in
drug-binding studies (Rabbani and Ahn, 2019). Human
serum albumin (HSA), a primary protein in human
blood, is known for its high drug affinity and the
consequent effects on drug solubility, stability, and
toxicity reduction (Cao et al., 2019; Qiu et al., 2020).
Therefore, HSA is one of the main targets in the
prediction of pharmacokinetic profiles of candidate
therapeutic agents, and it is important to study TBESD
binding to HSA in order to fully characterize the
reactions of an organism to TBESD.

High-performance liquid chromatography-electrospray
ionization-tandem mass spectrometry (HPLC-ESI-MS/MS)
is an analytical method that has been widely applied in the
pharmacokinetic analysis of multiple components in
traditional Chinese medicines because of its high sensitivity
and selectivity (Romański et al., 2017; Wang et al., 2021). In the
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present study, we analyzed TBESD tissue distribution and
excretion by HPLC-ESI-MS/MS and its binding to HSA by
fluorescence spectroscopy. The results provide not only

reliable pharmacokinetic profiles of TBESD ingredients but
also more information about the quality and functional
mechanisms of TBESD.

FIGURE 1 | Representative MRM chromatograms for amentoflavone, robustaflavone, 2″,3″-dihydro-3′,3‴-biapigenin, 3′,3‴-binaringenin, delicaflavone, and
chrysin (IS): (A) blank lungs sample; (B) blank lungs spiked with QCM and IS (50 ng/ml); (C) lungs sample collected from the rat 5 min after oral administration of TBESD
at a dose of 600 mg/kg.

TABLE 1 | Linear regression data of biflavonoids in lungs.

Analyte Linear Range (ng/ml) LLOQ (ng/ml) Regression
Equation (w = 1/X2)

Amentoflavone 4–1,000 0.37 y = 1.261x+0.056 (R2 = 0.999)
Robustaflavone 2–500 0.26 y = 0.218x+0.004 (R2 = 0.999)
2″,3″-Dihydro-3′,3‴-biapigenin 2–500 0.48 y = 0.671x+0.003 (R2 = 0.999)
3′,3‴-Binaringenin 2–500 1.29 y = 0.585x+0.010 (R2 = 0.998)
Delicaflavone 2–500 1.63 y = 0.035x+0.021 (R2 = 0.997)
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METHODS

Chemicals and Reagents
HPLC-grade acetonitrile and HPLC-grade methanol used in
the study were purchased from Merck (Darmstadt, Germany).
HPLC-grade acetic acid was purchased from Aladdin
(Shanghai, China) and analytical-grade ethanol was
obtained from Sinopharm Chemical Reagents (Shanghai,
China). Free-fatty acid HSA (lyophilized powder) was
acquired from Sigma-Aldrich (St. Louis, MO,
United States). Reference standards of amentoflavone (batch
number: 160,529) and chrysin (150,204) were purchased from
Winherb (Shanghai, China). Delicaflavone, robustaflavone,
2″,3″-dihydro-3′,3‴-biapigenin, and 3′,3‴-binaringenin
(purity ≥98%) were isolated from S. doederleinii and their
molecular structures were fully characterized by FT-IR, UV,
MS, 1H-NMR, and 13C-NMR (Chen et al., 2019). Ultrapure
water was purified using a Milli-Q system (MA, United States).

Plant Material
Dried S. doederleiniiHieron was obtained from a local traditional
Chinese medicine store in Fuzhou, and identified by Pro. Yao
(Fujian Medical University, Fuzhou, China). A voucher specimen
(batch number: 201,909) has been deposited at the

Phytochemistry Laboratory, Fujian Medical University
(Fuzhou, China).

Preparation of Herb Extracts
The process of obtaining TBESD and characterization of its main
components were performed as previously described (Li et al.,
2014). The contents of amentoflavone, delicaflavone,
robustaflavone, 2″,3″-dihydro-3′,3‴-biapigenin, and 3′,3‴-
binaringenin in TBESD, quantified by our previous HPLC
method (Supplementary Figure S1), was 103.82, 35.12, 37.52,
44.40, and 53.36 mg/g, respectively.

Animals
Thirty healthy Sprague–Dawley rats (weighing 250 ± 20 g) were
obtained from the Laboratory Animal Center of Fujian Medical
University (Fuzhou, China). All rats were maintained in an
environmentally controlled breeding room (temperature: 25 ±
2°C and relative humidity: 55 ± 5%) at a 12-/12-h light/dark
cycle and were observed for 1 week before the experiment. The
rats were provided rat feed and water ad libitum; before drug
administration, they were fasted for 12 h but were allowed free
access to water. All experiments were conducted in accordance with
theGuidelines for theCare andUse of LaboratoryAnimals approved
by the Animal Ethics Committee of Fujian Medical University.

TABLE 2 | Method validation of amentoflavone in rat tissue homogenates (n = 5).

Sample matrix Con Intra-day Inter-day

ng/mL Precision (RSD, %) Accuracy (RE, %) Precision (RSD, %) Accuracy (RE, %)

Lungs 12 2.46 3.54 3.81 0.88
160 2.70 4.68 3.69 2.64
800 3.18 6.68 2.88 4.65

Liver 12 3.45 -5.55 4.22 -1.83
160 1.83 -0.79 2.01 1.13
800 1.29 1.00 1.20 0.60

Heart 12 2.20 2.70 3.26 3.65
160 1.68 1.25 2.09 2.34
800 3.21 -3.02 1.52 0.55

Spleen 12 0.40 0.60 0.86 0.16
160 0.66 0.06 1.53 0.82
800 0.82 -0.42 1.34 0.06

Kidney 12 2.92 -1.57 2.01 -2.72
160 1.44 -0.79 2.25 0.85
800 0.25 0.25 0.75 -0.14

Brain 12 1.29 3.71 1.48 2.44
160 1.27 -0.32 3.55 1.09
800 3.47 1.69 1.73 2.14

Testis 12 4.29 2.83 2.51 4.02
160 3.77 0.54 2.38 1.06
800 1.58 -0.60 1.30 0.71

Ovary 12 3.46 1.49 2.95 2.05
160 4.63 -0.21 4.35 -0.90
800 1.52 1.25 1.15 -0.29

Plasma 12 4.08 -0.71 0.93 0.66
160 3.59 1.39 1.63 0.46
800 3.61 0.83 0.81 0.62

Muscle 12 3.18 0.95 2.57 1.49
160 3.17 1.75 3.12 2.40
800 6.21 -1.26 5.22 0.03

Conc., concentration. RSD, relative S.D. (calculated from S.D., divided by mean and multiplied by 100).
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HPLC-ESI-MS/MS
HPLC-ESI-MS/MS was conducted on a Shimadzu LC-20AD
HPLC system with a Shimadzu LC/MS-8040 instrument
(Shimadzu, Kyoto, Japan) using an Ultimate® XB-C18 column
(50 mm × 4.6 mm, 3.5 μm; Welch Materials, Inc., Ellicott, MD,
United States). The sample injection volume was 5 μL. Gradient
elution was performed at 30°C with 0.5% glacial acetic acid in
water (solvent A) and acetonitrile (solvent B) at a flow rate of
0.2 ml/min. The gradient elution was set as follows, 0–1 min
(40–44% B); 1–14 min (44–49.5% B); 14–15 min (49.5–95% B);
15–16 min (95% B); 16–18 min (40% B) for equilibration. The
sample injection volume was 5 μL.

Triple-quadrupole MS/MS detection was carried out on a
Shimadzu LC/MS-8040 system with electrospray ionization
(ESI). Multiple reaction monitoring analysis in the negative
ion mode was conducted based on ion transitions of
amentoflavone, delicaflavone, robustaflavone, 2″,3″-dihydro-
3′,3‴-biapigenin, 3′,3‴-binaringenin, and chrysin (internal
standard, IS) at m/z 537.08→375.00 (CE = 35 V), m/z
537.08→255.00 (CE = 55 V), m/z 537.08→309.10 (CE =
40 V), m/z 541.11→237.09 (CE = 30 V), m/z 539.10→387.15
(CE = 45 V), and m/z 253.24 → 143.00 (CE = 28 V),
respectively.11 The optimized MS parameters were set as
follows: ion spray voltage, 6.0 kV; heat block temperature,
400°C; DL temperature, 250°C; drying gas flow, 12 L/min;

nebulizer gas flow, 3 L/min. Data acquisition and
processing were performed using LabSolutions LCMS Ver.
5.5 software.

Preparation of Standard Solutions and
Quality Control (QC) Samples
Standard stock solutions of amentoflavone, delicaflavone,
robustaflavone, 2″,3″-dihydro-3′,3‴-biapigenin, 3′,3‴-
binaringenin, and chrysin were prepared by dissolving them
individually in methanol to a final concentration of 1 mg/ml;
standard working and QC solutions were obtained by further
dilution in methanol. For tissue distribution and excretion
analyses, standard working solutions were prepared by serial
dilution to obtain a linear concentration gradient. Calibration
standards of delicaflavone, robustaflavone, 2″,3″-dihydro-
3′,3‴-biapigenin, and 3′,3‴-binaringenin were prepared by
spiking drug-free blank biological samples with the working
solutions to obtain concentrations of 2, 5, 10, 25, 50, 125, 250,
and 500 ng/ml and QC samples of 6, 80, and 400 ng/ml; for
amentoflavone, standards of 4, 10, 20, 50, 100, 250, 500, and
1,000 ng/ml, and QC samples of 12, 160, and 800 ng/ml were
prepared. The chrysin stock solution was diluted to a final
concentration of 50 ng/ml. All stock solutions were stored at
4°C until use.

TABLE 3 | Matrix effect and extraction recovery of amentoflavone in rat tissue homogenates (n = 5).

Sample matrix Spiked con Matrix Effect Extraction Recovery

(ng/ml) Mean ± SD (%) RSD (%) Mean ± SD (%) RSD (%)

Lungs 12 102.56 ± 3.10 3.02 98.17 ± 2.36 2.40
160 104.80 ± 4.08 3.90 97.57 ± 0.66 0.67
800 101.54 ± 1.85 1.82 101.73 ± 3.10 3.05

Liver 12 101.38 ± 3.94 3.89 83.29 ± 8.74 10.49
160 103.18 ± 2.38 2.30 97.94 ± 0.61 0.62
800 98.44 ± 1.14 1.15 101.64 ± 5.03 4.95

Heart 12 97.29 ± 2.26 2.32 106.40 ± 6.93 6.52
160 102.37 ± 0.33 0.33 98.84 ± 2.27 2.29
800 101.24 ± 0.30 0.30 96.16 ± 1.55 1.62

Spleen 12 98.67 ± 1.87 1.89 99.09 ± 6.52 6.58
160 101.97 ± 3.19 3.13 98.61 ± 3.74 3.79
800 97.93 ± 1.25 1.27 100.98 ± 0.30 0.30

Kidney 12 101.50 ± 5.55 5.47 93.13 ± 6.32 6.79
160 99.45 ± 3.40 3.42 102.63 ± 5.00 4.88
800 93.00 ± 1.78 1.91 103.79 ± 2.09 2.01

Brain 12 100.41 ± 3.80 3.78 98.00 ± 1.96 2.00
160 103.11 ± 1.84 1.78 95.56 ± 1.20 1.25
800 98.37 ± 1.86 1.89 101.09 ± 3.16 3.13

Testis 12 99.92 ± 3.88 3.88 99.10 ± 4.05 4.09
160 103.17 ± 5.11 4.95 98.18 ± 1.47 1.50
800 99.36 ± 1.09 1.10 98.82 ± 3.23 3.27

Ovary 12 98.85 ± 2.12 2.14 94.09 ± 6.69 7.11
160 103.17 ± 0.91 0.88 97.04 ± 0.73 0.75
800 96.70 ± 1.36 1.41 100.26 ± 3.21 3.20

Plasma 12 100.41 ± 0.93 0.93 96.49 ± 1.53 0.02
160 100.65 ± 1.84 1.83 100.02 ± 0.13 0.01
800 101.61 ± 0.91 0.90 96.55 ± 1.36 0.01

Muscle 12 95.60 ± 2.29 2.39 103.98 ± 7.36 7.08
160 100.45 ± 2.62 2.61 101.80 ± 8.61 8.45
800 100.12 ± 2.53 2.53 101.71 ± 6.44 6.33
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Sample Preparation
To obtain tissue samples for analysis, each organ was weighed,
diced into small pieces, and homogenized in three volumes of ice-
cold physiological saline. Thereafter, 100 μL of the tissue
homogenate was spiked with 10 μL of IS working solution,
mixed by vortexing with 300 μL of methanol for 2 min,
centrifuged at 15,000 × g for 20 min at 4°C to precipitate
proteins, and the resultant supernatant (5 μL) was used for
HPLC-MS/MS.

The feces were dried at 50°C to a constant weight and
homogenized in three volumes of physiological saline-
methanol (1:1, v/v). Thereafter, 100 μL of fecal and urine
samples were processed as described above for tissue samples.
The HPLC-ESI-MS/MS method developed and validated
previously was only used for rat plasma samples. In the
present study, the method was further verified for specificity,
linearity, accuracy, precision, recovery, and stability of tissue,
urine, and fecal samples.

Tissue Distribution and Excretion
To assess the tissue distribution of orally administered
TBESD, 24 Sprague–Dawley rats (12 females and 12 males,
weight 200 ± 20 g) were randomly divided into four groups (3
females and 3 males per group) and intragastrically

administered a single dose of TBESD (600 mg/kg)
dissolved in a mixture of ethanol (2%) and propylene
glycol (3.5%) in physiological saline (pH adjusted to 7.5
with 0.5 M NaOH). The rats were sacrificed by cervical
dislocation at 5, 15, 40, and 90 min after TBESD
administration; the time points for tissue collection were
determined based on the concentration–time curves. The
brain, heart, kidney, liver, lung, ovary, spleen, testes, and
muscle tissues were immediately harvested, thoroughly
rinsed in ice-cold physiological saline, dried with filter
paper, and stored at −80°C until analysis.

To investigate urinary and fecal excretion, 3 female and 3 male
rats housed in individual stainless-steel metabolic cages were
orally administered a single dose of TBESD (600 mg/kg), and
urine and fecal samples were collected after 0–3, 3–6, 6–9, 9–12,
12–24, 24–36, and 36–48 h. After drying the fecal samples to a
constant weight at 50°C andmeasuring urine sample volumes, the
specimens were stored at −80°C.

Binding to HSA
The interactions of TBESD with HSA were analyzed by
fluorescence spectroscopy. HSA (10 μM in phosphate buffer,
pH 7.4) was incubated in the presence and absence of various
TBESD concentrations (2.5, 5, 7.5, 10, and 20 μg/ml), and HSA

TABLE 4 | The stability of amentoflavone in rat tissue homogenates (n = 5).

Sample
matrix

Spiked
con

Bench-top stability
(37°C, 8 h)

Short-term stability
(4°C, 12 h)

Freeze-thaw stability
(Three cycles)

Long-term stability
(−80°C, 60 days)

(ng/ml) Bias
(%)

RSD
(%)

Bias
(%)

RSD
(%)

Bias
(%)

RSD
(%)

Bias
(%)

RSD
(%)

Lungs 12 2.19 7.74 4.32 5.93 0.40 3.86 4.79 4.21
160 2.06 3.12 3.32 1.75 0.74 5.17 0.30 1.60
800 −0.35 2.07 0.68 4.54 1.28 2.22 2.60 2.24

Liver 12 1.28 2.78 4.33 3.64 −1.13 2.95 −2.41 1.93
160 −0.66 3.82 −1.86 2.96 −1.92 2.24 0.74 1.39
800 −1.86 1.25 0.75 0.64 0.67 1.49 −1.13 2.04

Heart 12 0.27 2.45 −0.29 1.16 0.32 1.95 −4.76 3.53
160 2.11 2.10 0.03 1.97 2.13 3.01 −1.35 2.86
800 1.56 3.60 2.42 2.94 −4.90 3.35 −1.52 4.06

Spleen 12 −0.53 1.85 3.35 4.28 −2.27 3.98 4.04 2.19
160 3.56 2.00 2.80 3.22 −4.11 1.82 2.02 1.99
800 0.78 1.85 −1.09 3.25 −4.41 6.84 3.80 2.46

Kidney 12 −1.53 3.12 2.88 3.21 −4.01 5.30 −5.62 3.63
160 2.02 1.01 2.39 1.42 −3.13 2.03 −3.88 1.47
800 −2.50 4.56 −0.50 3.76 −4.85 2.39 −2.47 3.12

Brain 12 −0.37 1.08 1.42 3.83 0.96 2.04 4.09 2.81
160 3.01 1.16 −3.82 4.38 2.87 2.74 −2.14 3.08
800 −1.54 3.45 −2.72 5.21 -0.50 2.64 −0.55 2.06

Testis 12 0.23 1.78 −1.25 7.18 2.92 2.85 2.24 2.35
160 1.00 0.99 1.52 2.18 1.40 1.43 2.34 2.31
800 −2.24 1.10 −0.85 1.94 0.91 2.52 −0.63 2.10

Ovary 12 1.87 4.26 3.64 3.36 −0.93 6.65 2.89 1.72
160 −0.52 2.99 2.48 2.91 3.71 6.85 0.52 1.51
800 −0.79 2.44 1.61 1.40 1.81 2.47 −0.40 4.87

Plasma 12 3.58 1.73 0.26 1.55 −0.02 2.97 3.81 2.56
160 −0.56 4.76 1.05 2.58 −0.93 4.25 0.70 3.98
800 0.59 0.59 0.12 2.75 −2.13 3.33 −1.20 1.96

Muscle 12 0.03 0.78 −0.32 4.90 −0.01 3.18 2.01 1.27
160 2.26 4.25 −0.81 3.98 −6.18 2.30 −2.14 3.59
800 0.13 3.03 −0.22 3.42 2.02 2.90 0.76 3.74
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intrinsic fluorescence spectra were recorded at 37°C. Fluorescence
measurements were performed using a Cary Eclipse
spectrofluorometer (CA, United States) with a thermostat bath
using a 1.0-cm quartz cuvette. The width of the excitation and
emission slits was set to 5 nm. An excitation wavelength of
295 nm was used in the experiments to avoid interference
from tryptophan and/or tyrosine residues (Strugała et al.,

2018). To avoid the inner filter effect, the fluorescence
intensities were corrected using the following formula:

Fcorr � Fobs × antilog[(Aem + Aex)
2

] (1)

where, Aem and Aex are the absorbance of the test sample at the
excitation and emission wavelengths, respectively; Fobs and Fcorr

FIGURE 2 | Tissue distribution profiles of amentoflavone, robustaflavone, 2″,3″-dihydro-3′,3‴-biapigenin, 3′,3‴-binaringenin, and delicaflavone in rat after oral
administration of TBESD at a dose of 600 mg/kg (Mean ± SD, n = 6).
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are the observed and corrected fluorescence intensities,
respectively.

Fluorescence quenching experiments were performed at
different concentrations of TBESD (2.5, 5, 7.5, 10, and 20 μg/
ml) to HSA (10 μM) at different temperatures (298, 303, 308, and
313 K). The emission spectra were recorded in the range of
300–480 nm and then calculated using the Stern–Volmer
equation:

F0

F
� 1 + KSV[Q] � 1 + kqτ0[Q] (2)

where, F and F0 are HSA fluorescence intensities in the presence
and absence, respectively, of the quencher (TBESD); [Q] is the
concentration of TBESD; KSV is the dynamic quenching constant;

Kq is the apparent bimolecular quenching rate constant; and τ0 is
the fluorophore lifetime without TBESD (10–8 s).

The apparent binding constant (Kb) and number of binding
sites (n) per macromolecule at the corresponding temperature
were analyzed using the modified Stern–Volmer equation:

log{F0 − F

F
} � logKb + n log[Q] (3)

The thermodynamic parameters of the TBESD-HSA binding
were used to determine the binding mode. The thermal
dependency of the binding constant was investigated at 298,
303, 308, and 313 K, and enthalpy and entropy changes (ΔH° and
ΔS°, respectively) were analyzed based on the van’t Hoff plot to
determine the binding forces between TBESD and HSA:

FIGURE 3 | Cumulative excretion-time profiles of amentoflavone, robustaflavone, 2″,3″-dihydro-3′,3‴-biapigenin, 3′,3‴-binaringenin, and delicaflavone in rat
feces (A) and urine (B) after oral administration of TBESD at a dose of 600 mg/kg (Mean ± SD, n = 6).

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 8491108

Chen et al. Tissue Distribution, Excretion, and HSA Binding Properties of TBESD

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


lnKb � −(ΔH°
RT

) + (ΔS°
R

) (4)

where, R is the universal gas constant and T is the absolute
temperature.

Assuming that ΔH° is nearly constant in the studied
temperature range, the free energy change (ΔG°) can be
calculated from the Gibbs equation:

ΔG° � ΔH° − ΔS° (5)

Data Analysis
Data acquisition and processing were conducted
using LabSolutions LCMS Ver.5.5 software. The
concentrations of bioflavonoids in tissues, urine, and
feces were determined using the calibration curve of each
analysis batch. The pharmacokinetic parameters of
bioflavonoids were calculated using a non-
compartmental approach with DAS 3.0 Version
(Shanghai, China).

All data are expressed as mean ± standard deviation (SD).
Independent t-tests were performed to assess the differences
between the groups; p < 0.05 was considered to indicate
statistical significance.

RESULTS

Method Validation
A sensitive and reliable HPLC-ESI-MS/MS method for the
simultaneous quantification of five bioflavonoids
(amentoflavone, delicaflavone, robustaflavone, 2″,3″-
dihydro-3′,3‴-biapigenin, and 3′,3‴-binaringenin) in rat
tissue, urine, and fecal samples was successfully developed
and validated according to the Food and Drug Administration
guidelines (Kamble et al., 2021; Shen et al., 2021). The
representative chromatograms of blank rat lung
homogenate, blank lung homogenate spiked with QC and
IS samples, and lung homogenate samples collected 5 min
after TBESD (600 mg/kg) administration are shown in
Figure 1. Amentoflavone, robustaflavone, 2″,3″-dihydro-
3′,3‴-biapigenin, 3′,3‴-binaringenin, IS, and delicaflavone
were eluted at approximately 7.2, 8.4, 10.8, 11.2, 12.5, and
14.7 min, respectively. No detectable interfering peaks were
observed in tissue, urine, or fecal samples at the retention time
close to that of the five bioflavonoids and IS. The detailed
method validation parameters are summarized in Tables 1–4
and Supplementary Tables S1–S12. The linearity of all
calibration curves was characterized with regression
coefficients (R2) of 0.99 or higher. The intra- and inter-day
precision (RSD, %) and accuracy (RE, %) of the method for
each bioflavonoid were within the acceptable limit of 15%, and
the matrix effect and extraction recovery of each bioflavonoid
were consistent among the three different concentrations (n =
5 at high, medium, and low) and constituted >80% of the
response. The five bioflavonoids were stable on the bench for

up to 8 h, in the autosampler for up to 12 h, at −80°C for up to
2 months at three different concentrations, and after up to
three cycles of freezing and thawing (Du et al., 2020).

FIGURE 4 | (A) The intrinsic fluorescence spectra of HSA (10 μM) in the
absence and presence of various concentrations of TBESD (2.5, 5, 7.5, 10,
and 20 μg/ml); (B) The Stern-Volmer plots and (C) the modified Stern-Volmer
plots for fluorescence quenching of HSA (10 μM) by TBESD at 298 (■),
303 (C), 308 (▲), and 313 (▼) K.
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Tissue Distribution
The tissue distribution profiles of the five bioactive ingredients
in the rats after the oral administration of TBESD (600 mg/kg)
are depicted in Figure 2. The highest concentration of the five
bioflavonoids was observed in the lungs at 5 min, followed by
the kidneys, muscle, ovary, spleen, and testes, suggesting that
amentoflavone, delicaflavone, robustaflavone, 2″,3″-dihydro-
3′,3‴-biapigenin, and 3′,3‴-binaringenin distributed rapidly
in various tissues. The peak levels in the lungs, kidneys,
muscle, ovary, spleen, and testes were significantly higher
than those in the plasma. However, the content of the five
bioflavonoids in the lungs significantly decreased, whereas that
in the kidneys, ovary, and spleen initially increased and then
significantly decreased. Only a small amount of the five
bioflavonoids was detected in the brain, indicating that
amentoflavone, delicaflavone, robustaflavone, 2″,3″-dihydro-
3′,3‴-biapigenin, and 3′,3‴-binaringenin could not easily
cross the blood–brain barrier. The highest content of the
five bioflavonoids in the lungs after oral TBESD
administration suggests that TBESD can be used to treat
lung-related diseases (Sui et al., 2017). Clearly, the
pharmacological effects of TBESD are results from multi-
ingredients and multi-targets synergistic integration, thus,
the integrated pharmacokinetic studies have carried out to
reveal the overall in vivo process of TBESD. The half maximal
inhibitory concentration (IC50) of an ingredient against
human lung cancer cell line (take A549 cell line for
example) curve was used to the integrated pharmacokinetic
studies of TBESD (Shi et al., 2018). The IC50 of amentoflavone,
delicaflavone, robustaflavone, 2″,3″-dihydro-3′,3‴-
biapigenin, and 3′,3‴-binaringenin were 36.3, 13.2, 50.0,
40.2, and 19.3 μg/ml, respectively (Li et al., 2014; Sui et al.,
2016). The tissue distribution profiles of multiple ingredients
of TBESD are shown in Supplementary Figure S2. The
weighting coefficient and integrated concentrations are
calculated by following equations:

ωj � 1/IC50j

∑n
11/IC50n

(6)

∑n
1

1/IC50n
� 1/IC501

+ 1/IC502
+ 1/IC503

+/ + 1/IC50n
(7)

CT � ω1C1 + ω2C2 + ω3C3 +/ + ωnCn (8)
Where j represents ingredient j, ωj represents the weighting
coefficient of the ingredient j, n represents the number of

ingredients studied, Cn represents the concentration of each
ingredients at time point T, and CT represented the integrated
concentration, respectively.

Excretion Analysis
The urinary and fecal excretion profiles of the five bioflavonoids
after a single oral administration of TBESD are shown in
Figure 3. The cumulative concentration of amentoflavone,
delicaflavone, robustaflavone, 2″,3″-dihydro-3′,3‴-biapigenin,
and 3′,3‴-binaringenin excreted in feces and urine was 23.93
and 0.82%, 29.11 and 0.43%, 29.58 and 0.63%, 29.31 and 0.25%,
and 20.51 and 0.32%, respectively, up to 48 h, indicating a
considerably higher excretion rate in feces than in urine.
These results suggest fecal excretion as the main excretion
route for the five bioflavonoids of TBESD, and this is
consistent with the findings of a previous study on flavonoids
(Zheng et al., 2019).

To the best of our knowledge, this is the first study to report
that TBESD is excreted mainly through feces. In addition, the
cumulative excretion of the five bioflavonoids in feces after the
oral administration of TBESD was considerable, which may have
contributed to their low bioavailability and could be attributed to
the abundant expression of organic anion transporters and
multidrug resistance-related proteins in the membrane of
intestinal epithelial cells (Barreca et al., 2017).

Binding to HSA and Characterization of the
Bioflavonoid-HSA Complex
The tryptophan residues in HSA are highly sensitive to polarity
changes, making fluorescence spectroscopy a valuable method for
studying HSA conformational shifts after binding to different
ligands (Balaei and Ghobadi, 2019). TBESD exhibited very low
fluorescence under the present experimental conditions.
Quenching of intrinsic HSA fluorescence was measured in the
presence and absence of different concentrations of TBESD at
298 K (Figure 4A). The results indicated that the fluorescence
intensity of HSA decreased with the increase in TBESD
concentration, suggesting the presence of tryptophan residues
at or near the HSA-TBESD binding site.

There are two types of fluorescence quenching mechanisms:
dynamic and static. The dynamic quenching occurs in the
presence of high quencher concentrations, and the effective
number of collisions increases at higher temperatures;
therefore, the increase in temperature should cause an increase
in the quenching constant (KSV). In contrast, in static quenching,
the stability of the formed complex decreases with the increase in

TABLE 5 | The Stern-Volmer quenching constant (KSV), quenching rate constant
(Kq), binding constant (Kb) and number of binding site (n) of the interaction
between HSA and TBESD at different temperatures (Mean ± SD, n = 3).

T (K) KSV × 104 (ml g−1) Kq × 1012 (ml
g−1 s−1)

Kb × 104 (ml g−1) n

298 12.60 ± 0.60 12.60 ± 0.60 7.02 ± 0.26 1.16
303 13.24 ± 0.11 13.24 ± 0.11 7.65 ± 0.05 1.15
308 14.47 ± 0.28 14.47 ± 0.28 8.66 ± 0.17 1.15
313 15.57 ± 0.26 15.57 ± 0.26 9.18 ± 0.07 1.16

TABLE 6 | Thermodynamic parameters of the interaction between HSA and
TBESD at different temperatures (Mean ± SD, n = 3).

T (K) ΔSo (J mol−1 K−1) ΔHo (kJ mol−1) ΔGo (kJ mol−1)

298 0.27 ± 0.01 29.10 ± 2.86 −51.26 ± 0.13
303 −52.61 ± 0.09
308 −53.96 ± 0.05
313 −55.30 ± 0.03
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temperature, which results in the decrease in KSV (Strugała et al.,
2021). To elucidate themechanism underlying TBESD quenching
of HSA fluorescence, we analyzed HSA fluorescence at four
different temperatures (Figure 4 and Table 5). The
Stern–Volmer plots for the TBESD-HSA complexes were
linear, showing a directly proportional relationship between
the examined concentration range and the temperature. The
number of binding sites (n) for TBESD in HSA at different
temperatures is shown in Table 5. The results indicated that there
was one binding site, that is, only one interaction point between
the TBESD components and HSA. According to the obtained
results, the most probable mechanism of HSA fluorescence
quenching by TBESD should be dynamic quenching, in which
higher temperatures increase the stability of the TBESD-HSA
complex as indicated by higher KSV and Kb values.

To characterize the energy changes during the interaction
between TBESD and HSA, the thermodynamic binding
parameters ΔH°, ΔS°, and ΔG° were calculated from the
van’t Hoff plot and Gibbs equation (Table 6). The ΔH° and
ΔS° values were 29.10 ± 2.86 kJ (g ml-1)−1 and 0.27 ± 0.01 J
(g mL-1 K)−1, respectively. The high negative ΔG° value
accompanied by positive ΔS° is indicative of a spontaneous
process. The positive ΔS° value signifies hydrophobic
interactions, whereas the variations in ΔH° indicate that the
binding process is enthalpy-driven and probably depends on
the formation of hydrogen bonds between the TBESD
components and HSA. Thus, thermodynamic analysis of the
binding between TBESD and HSA revealed the role of
hydrophobic interactions and hydrogen bonds in complex
formation.

DISSCUSION

Multiple studies have established that TBESD with an excellent
antitumor effect and low toxicity in vivo, and deserved to be
further developed as a novel anti-cancer agent (Wang et al.,
2019; Xu et al., 2021). An understanding of the
pharmacokinetic properties of TBESD is an essential
prerequisite to the drug discovery and preclinical
development. Especially pharmacokinetic studies of natural
products, since they typically involve the administration of
complex mixtures of substances. In this study, we revealed how
the body affects the five biological activity of TBESD after
administration through the mechanisms of absorption and
distribution, and the effects and routes of excretion.

As our previous reported, five bioflavonoids were
retained in the intestinal tract for a long time and
maintained lower levels plasma concentration after a
single dose oral administration of TBESD (Chen et al.,
2018). In the tissue distribution study, the content of
amentoflavone, delicaflavone, robustaflavone, 2″,3″-
dihydro-3′,3‴-biapigenin, 3′,3‴-binaringenin and
integrated TBESD in the lungs was the highest among
these organs, followed by kindeys, ovary, and spleen,
suggesting that the application of TBESD in the treatment
of lungs, kindeys, and ovary related diseases. However, only

a small amount of five bioflavonoids was detected in the
brain, indicating that most flavonoids from TBESD had
difficulty passing the blood-brain barrier.

To investigate the elimination of TBESD in rats, 5 major
bioflavonoids were measured in the fecal and urine samples
within 48 h after a single dose oral administration. The
cumulative amount of amentoflavone, delicaflavone,
robustaflavone, 2″,3″-dihydro-3′,3‴-biapigenin, and 3′,3‴-
binaringenin was detected mainly in feces with 23.93, 29.11,
29.58, 29.31 and 20.51%, respectively, while the ratios were
0.82, 0.43, 0.63, 0.25%, and 0.32 in urine. Fecal excretion was
proven to be the main excretion route for the TBESD, which may
account for their poor bioavailability and membrane transporters
(Čvorović et al., 2018). In addition, the absorbed flavonoids of
TBESD undergo further metabolism of glucuronide, sulfation,
and methylation in the epithelium of intestine and liver (Zheng
et al., 2019). From the above results, the high excretion rate may
be related to its incomplete absorption and metabolic way under
the oral administration route, which we will share the research
advances in more detail in an upcoming installment.

Fluorescence spectroscopy studies were conducted to
investigate the interaction between TBESD and HSA. It is
recognized that the bioavailability of many active
compounds is related to the interaction and successful
binding with HSA (Poureshghi et al., 2017). Forming
stable binding complexes could be considered a suitable
model for gaining various information of protein binding
(Wang et al., 2015). Our previous study verified that the
fluorescence intensity of HSA decreased regularly with
increasing active ingredient concentration, due to an
increased hydrophobicity of the region surrounding the
tryptophan amino acid residue after binding with TBESD’s
component. In the present study, the binding constant of the
whole ingredients of TBESD to HSA was determined by the
intrinsic fluorescence quenching of HSA. These results
indicate that the strong and spontaneous binding of the
whole ingredients of TBESD to HSA is responsible for
poor pharmacokinetic profiles.

CONCLUSION

We developed a sensitive and reliable LC-MS/MS method to
simultaneously determine the concentration of five main TBESD
bioflavonoids, amentoflavone, robustaflavone, 2″,3″-dihydro-
3′,3‴-biapigenin, 3′,3‴-binaringenin, and delicaflavone, in rat
tissues, urine, and feces after the oral administration of TBESD.
We successfully applied the method to assess TBESD tissue
distribution and excretion in rats. The concentration of the
five bioflavonoids was the highest in the lungs, and they were
mostly excreted through the feces. TBESD had a dynamic
quenching effect on HSA by binding to a single HSA site
through hydrophobic interactions and hydrogen bond
formation. To the best of our knowledge, this is the first
comprehensive study on the tissue distribution and excretion
of TBESD components in rats and their interaction with HSA.
Further research on the pharmacokinetics and

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 84911011

Chen et al. Tissue Distribution, Excretion, and HSA Binding Properties of TBESD

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


pharmacodynamics of TBESD is needed to provide a solid
foundation for the application of TBESD in clinical practice.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Materials, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Ethics Committee of Fujian Medical University.

AUTHOR CONTRIBUTIONS

HY, XL, AL and BC contributed to conception and design of the
study. BC, DX, ZL, YJ and LL contributed to the experimental
procedures. SL, XH and LH analyzed the data and prepared all the
figures and wrote the manuscript. All authors contributed to
article revision, read and approved the submitted version.

FUNDING

The authors gratefully acknowledge the financial supports of the
National Natural Science Foundation of China (81973558 and
22074017), Natural Science Foundation of Fujian province
(2020J01631, 2021J02033, and 2021J02034), Joint Funds for
the innovation of science and Technology of Fujian province
(2017Y9123 and 2018Y9076) and Health and Youth Research
Project of Fujian province (2019-1-60).

ACKNOWLEDGMENTS

We acknowledge the Fujian Medical University Ethics
Committee for their kind guidance in the animal experiments
and the Public Technology Service Center of Fujian Medical
University.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.849110/
full#supplementary-material

REFERENCES

Balaei, F., and Ghobadi, S. (2019). Hydrochlorothiazide Binding to Human Serum
Albumin Induces Some Compactness in the Molecular Structure of the Protein:
A Multi-Spectroscopic and Computational Study. J. Pharm. Biomed. Anal. 162,
1–8. doi:10.1016/j.jpba.2018.09.009

Barreca, D., Laganà, G., Toscano, G., Calandra, P., Kiselev, M. A., Lombardo, D.,
et al. (2017). The Interaction and Binding of Flavonoids to Human Serum
Albumin Modify its Conformation, Stability and Resistance against
Aggregation and Oxidative Injuries. Biochim. Biophys. Acta Gen. Subj 1861,
3531–3539. doi:10.1016/j.bbagen.2016.03.014

Cao, H., Liu, X., Ulrih, N. P., Sengupta, P. K., and Xiao, J. (2019). Plasma Protein
Binding of Dietary Polyphenols to Human Serum Albumin: A High
Performance Affinity Chromatography Approach. Food Chem. 270,
257–263. doi:10.1016/j.foodchem.2018.07.111

Chen, B., Luo, H., Chen, W., Huang, Q., Zheng, K., Xu, D., et al. (2021).
Pharmacokinetics, Tissue Distribution, and Human Serum Albumin Binding
Properties of Delicaflavone, a Novel Anti-tumor Candidate. Front. Pharmacol.
12, 761884. doi:10.3389/fphar.2021.761884

Chen, B., Wang, X., Lin, D., Xu, D., Li, S., Huang, J., et al. (2019). Proliposomes for
Oral Delivery of Total Biflavonoids Extract from Selaginella Doederleinii:
Formulation Development, Optimization, and In Vitro-In Vivo
Characterization. Int. J. Nanomedicine 14, 6691–6706. doi:10.2147/IJN.S214686

Chen, B., Wang, X., Zhang, Y., Huang, K., Liu, H., Xu, D., et al. (2020).
Improved Solubility, Dissolution Rate, and Oral Bioavailability of Main
Biflavonoids from Selaginella Doederleinii Extract by Amorphous Solid
Dispersion. Drug Deliv. 27, 309–322. doi:10.1080/10717544.2020.
1716876

Chen, B., Wang, X., Zou, Y., Chen, W., Wang, G., Yao, W., et al. (2018).
Simultaneous Quantification of Five Biflavonoids in Rat Plasma by LC-ESI-
MS/MS and its Application to a Comparatively Pharmacokinetic Study of
Selaginella Doederleinii Hieron Extract in Rats. J. Pharm. Biomed. Anal. 149,
80–88. doi:10.1016/j.jpba.2017.10.028

Čvorović, J., Ziberna, L., Fornasaro, S., Tramer, F., and Passamonti, S. (2018).
“Chapter 22 - Bioavailability of Flavonoids: The Role of Cell Membrane
Transporters,” in Polyphenols: Mechanisms of Action in Human Health and

Disease. Editors R. R. Watson, V. R. Preedy, and S. Zibadi. Second Edition
(Academic Press), 295–320.

Du, C., Yan, Y., Shen, C., Cui, X., Pei, X., and Qin, X. (2020). Comparative
Pharmacokinetics of Six Major Compounds in normal and Insomnia Rats after
Oral Administration of Ziziphi Spinosae Semen Aqueous Extract. J. Pharm.
Anal. 10, 385–395. doi:10.1016/j.jpha.2020.03.003

Kamble, S. H., Berthold, E. C., King, T. I., Raju Kanumuri, S. R., Popa, R., Herting,
J. R., et al. (2021). Pharmacokinetics of Eleven Kratom Alkaloids Following an
Oral Dose of Either Traditional or Commercial Kratom Products in Rats. J. Nat.
Prod. 84, 1104–1112. doi:10.1021/acs.jnatprod.0c01163

Kang, F., Zhang, S., Chen, D., Tan, J., Kuang, M., Zhang, J., et al. (2021).
Biflavonoids from Selaginella Doederleinii as Potential Antitumor Agents
for Intervention of Non-small Cell Lung Cancer. Molecules 26, 5401. doi:10.
3390/molecules26175401

Li, C., Liu, B., Chang, J., Groessl, T., Zimmerman, M., He, Y. Q., et al. (2013). A
Modern In Vivo Pharmacokinetic Paradigm: Combining Snapshot, Rapid and
Full PK Approaches to Optimize and Expedite Early Drug Discovery. Drug
Discov. Today 18, 71–78. doi:10.1016/j.drudis.2012.09.004

Li, S., Wang, X., Wang, G., Shi, P., Lin, S., Xu, D., et al. (2020). Ethyl Acetate Extract
of Selaginella Doederleinii Hieron Induces Cell Autophagic Death and
Apoptosis in Colorectal Cancer via PI3K-Akt-mTOR and AMPKα-Signaling
Pathways. Front. Pharmacol. 11, 565090. doi:10.3389/fphar.2020.565090

Li, S., Zhao, M., Li, Y., Sui, Y., Yao, H., Huang, L., et al. (2014). Preparative Isolation
of Six Anti-tumour Biflavonoids from Selaginella Doederleinii Hieron by High-
Speed Counter-current Chromatography. Phytochem. Anal. 25, 127–133.
doi:10.1002/pca.2478

Li, Y., Meng, Q., Yang, M., Liu, D., Hou, X., Tang, L., et al. (2019). Current Trends
in Drug Metabolism and Pharmacokinetics. Acta Pharm. Sin B 9, 1113–1144.
doi:10.1016/j.apsb.2019.10.001

Liao, X., Hong, Y., and Chen, Z. (2021). Identification and Quantification of the
Bioactive Components in Osmanthus Fragrans Roots by HPLC-MS/MS.
J. Pharm. Anal. 11, 299–307. doi:10.1016/j.jpha.2020.06.010

Liu, L. F., Sun, H. H., Tan, J. B., Huang, Q., Cheng, F., Xu, K. P., et al. (2021). New
Cytotoxic Biflavones from Selaginella Doederleinii. Nat. Prod. Res. 35, 930–936.
doi:10.1080/14786419.2019.1611813

Matsumoto, T., Takiyama, M., Sakamoto, T., Kaifuchi, N., Watanabe, J., Takahashi,
Y., et al. (2021). Pharmacokinetic Study of Ninjin’yoeito: Absorption and Brain

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 84911012

Chen et al. Tissue Distribution, Excretion, and HSA Binding Properties of TBESD

https://www.frontiersin.org/articles/10.3389/fphar.2022.849110/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.849110/full#supplementary-material
https://doi.org/10.1016/j.jpba.2018.09.009
https://doi.org/10.1016/j.bbagen.2016.03.014
https://doi.org/10.1016/j.foodchem.2018.07.111
https://doi.org/10.3389/fphar.2021.761884
https://doi.org/10.2147/IJN.S214686
https://doi.org/10.1080/10717544.2020.1716876
https://doi.org/10.1080/10717544.2020.1716876
https://doi.org/10.1016/j.jpba.2017.10.028
https://doi.org/10.1016/j.jpha.2020.03.003
https://doi.org/10.1021/acs.jnatprod.0c01163
https://doi.org/10.3390/molecules26175401
https://doi.org/10.3390/molecules26175401
https://doi.org/10.1016/j.drudis.2012.09.004
https://doi.org/10.3389/fphar.2020.565090
https://doi.org/10.1002/pca.2478
https://doi.org/10.1016/j.apsb.2019.10.001
https://doi.org/10.1016/j.jpha.2020.06.010
https://doi.org/10.1080/14786419.2019.1611813
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Distribution of Ninjin’yoeito Ingredients in Mice. J. Ethnopharmacol 279,
114332. doi:10.1016/j.jep.2021.114332

Poureshghi, F., Ghandforoushan, P., Safarnejad, A., and Soltani, S. (2017).
Interaction of an Antiepileptic Drug, Lamotrigine with Human Serum
Albumin (HSA): Application of Spectroscopic Techniques and Molecular
Modeling Methods. J. Photochem. Photobiol. B 166, 187–192. doi:10.1016/j.
jphotobiol.2016.09.046

Qiu, H., Jin, L., Chen, J., Shi, M., Shi, F., Wang, M., et al. (2020). Comprehensive
Glycomic Analysis Reveals that Human Serum Albumin Glycation Specifically
Affects the Pharmacokinetics and Efficacy of Different Anticoagulant Drugs in
Diabetes. Diabetes 69, 760–770. doi:10.2337/db19-0738

Rabbani, G., and Ahn, S. N. (2019). Structure, Enzymatic Activities, Glycation and
Therapeutic Potential of Human Serum Albumin: A Natural Cargo. Int. J. Biol.
Macromol 123, 979–990. doi:10.1016/j.ijbiomac.2018.11.053

Romański, M., Kasprzyk, A., Teżyk, A., Widerowska, A., Żaba, C., and Główka, F.
(2017). Determination of Prodrug Treosulfan and its Biologically Active
Monoepoxide in Rat Plasma, Liver, Lungs, Kidneys, Muscle, and Brain by
HPLC-ESI-MS/MS Method. J. Pharm. Biomed. Anal. 140, 122–129. doi:10.
1016/j.jpba.2017.03.023

Shen, M. R., He, Y., and Shi, S. M. (2021). Development of Chromatographic
Technologies for the Quality Control of Traditional Chinese Medicine in the
Chinese Pharmacopoeia. J. Pharm. Anal. 11, 155–162. doi:10.1016/j.jpha.2020.
11.008

Shi, P., Lin, X., and Yao, H. (2018). A Comprehensive Review of Recent Studies on
Pharmacokinetics of Traditional Chinese Medicines (2014-2017) and
Perspectives. Drug Metab. Rev. 50 (2), 161–192. doi:10.1080/03602532.2017.
1417424

Strugała, P., Urbaniak, A., Kuryś, P., Włoch, A., Kral, T., Ugorski, M., et al. (2021).
Antitumor and Antioxidant Activities of Purple Potato Ethanolic Extract and
its Interaction with Liposomes, Albumin and Plasmid DNA. Food Funct. 12,
1271–1290. doi:10.1039/d0fo01667e

Strugała, P., Loi, S., Bażanów, B., Kuropka, P., Kucharska, A. Z., Włoch, A., et al.
(2018). A Comprehensive Study on the Biological Activity of Elderberry Extract
and Cyanidin 3-O-Glucoside and Their Interactions with Membranes and
Human Serum Albumin. Molecules 23, 2566.

Sui, Y., Li, S., Shi, P., Wu, Y., Li, Y., Chen, W., et al. (2016). Ethyl Acetate
Extract from Selaginella Doederleinii Hieron Inhibits the Growth of
Human Lung Cancer Cells A549 via Caspase-dependent Apoptosis
Pathway. J. Ethnopharmacol 190, 261–271. doi:10.1016/j.jep.2016.
06.029

Sui, Y., Yao, H., Li, S., Jin, L., Shi, P., Li, Z., et al. (2017). Delicaflavone Induces
Autophagic Cell Death in Lung Cancer via Akt/mTOR/p70S6K Signaling
Pathway. J. Mol. Med. (Berl) 95, 311–322. doi:10.1007/s00109-016-1487-z

Wang, L., Shen, X., Mi, L., Jing, J., Gai, S., Liu, X., et al. (2019). Simultaneous
Determinations of Four Major Bioactive Components in Acacia Catechu (L.f.)
Willd and Scutellaria Baicalensis Georgi Extracts by LC-MS/MS: Application to
its Herb-Herb Interactions Based on Pharmacokinetic, Tissue Distribution and
Excretion Studies in Rats. Phytomedicine 56, 64–73. doi:10.1016/j.phymed.
2018.09.239

Wang, X., Chen, B., Xu, D., Li, Z., Liu, H., Huang, Z., et al. (2021). Molecular
Mechanism and Pharmacokinetics of Flavonoids in the Treatment of Resistant
EGF Receptor-Mutated Non-small-cell Lung Cancer: A Narrative Review. Br.
J. Pharmacol. 178, 1388–1406. doi:10.1111/bph.15360

Wang, X., Liu, Y., He, L. L., Liu, B., Zhang, S. Y., Ye, X., et al. (2015). Spectroscopic
Investigation on the Food Components-Drug Interaction: The Influence of
Flavonoids on the Affinity of Nifedipine to Human Serum Albumin. Food
Chem. Toxicol. 78, 42–51. doi:10.1016/j.fct.2015.01.026

Xu, D., Wang, X., Huang, D., Chen, B., Lin, X., Liu, A., et al. (2022). Disclosing
Targets and Pharmacological Mechanisms of Total Bioflavonoids Extracted
from Selaginella Doederleinii against Non-small Cell Lung Cancer by
Combination of Network Pharmacology and Proteomics. J. Ethnopharmacol
286, 114836. doi:10.1016/j.jep.2021.114836

Yao, H., Chen, B., Zhang, Y., Ou, H., Li, Y., Li, S., et al. (2017). Analysis of the Total
Biflavonoids Extract from Selaginella Doederleinii by HPLC-QTOF-MS and its
In Vitro and In Vivo Anticancer Effects. Molecules 22, 325. doi:10.3390/
molecules22020325

Yao, W., Lin, Z., Shi, P., Chen, B., Wang, G., Huang, J., et al. (2020). Delicaflavone
Induces ROS-Mediated Apoptosis and Inhibits PI3K/AKT/mTOR and Ras/
MEK/Erk Signaling Pathways in Colorectal Cancer Cells. Biochem. Pharmacol.
171, 113680. doi:10.1016/j.bcp.2019.113680

Yao, W., Lin, Z., Wang, G., Li, S., Chen, B., Sui, Y., et al. (2019). Delicaflavone
Induces Apoptosis via Mitochondrial Pathway Accompanying G2/M Cycle
Arrest and Inhibition of MAPK Signaling Cascades in Cervical Cancer HeLa
Cells. Phytomedicine 62, 152973. doi:10.1016/j.phymed.2019.152973

Zheng, D., Sun, C. C., Su, H., and Zhang, Q. F. (2019). Metabolism, Excretion, and
Tissue Distribution of Astilbin-Zein Nanoparticles in Rats. J. Agric. Food Chem.
67, 8332–8338. doi:10.1021/acs.jafc.9b02569

Zhu, L. J., Chen, L., Bai, C. F., Wu, A. G., Liang, S. C., Huang, F. H., et al. (2020). A
Rapid and Sensitive UHPLC-MS/MS Method for the Determination of
Ziyuglycoside I and its Application in a Preliminary Pharmacokinetic Study
in Healthy and Leukopenic Rats. Biomed. Pharmacother. 123, 109756. doi:10.
1016/j.biopha.2019.109756

Zou, Z., Xu, K., Xu, P., Li, X., Cheng, F., Li, J., et al. (2017a). Seladoeflavones A-F,
Six Novel Flavonoids from Selaginella Doederleinii. Fitoterapia 116, 66–71.
doi:10.1016/j.fitote.2016.11.014

Zou, Z., Xu, P., Zhang, G., Cheng, F., Chen, K., Li, J., et al. (2017b).
Selagintriflavonoids with BACE1 Inhibitory Activity from the Fern
Selaginella Doederleinii. Phytochemistry 134, 114–121. doi:10.1016/j.
phytochem.2016.11.011

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Chen, Xu, Li, Jing, Lin, Li, Huang, Huang, Liu, Lin and Yao. This
is an open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 84911013

Chen et al. Tissue Distribution, Excretion, and HSA Binding Properties of TBESD

https://doi.org/10.1016/j.jep.2021.114332
https://doi.org/10.1016/j.jphotobiol.2016.09.046
https://doi.org/10.1016/j.jphotobiol.2016.09.046
https://doi.org/10.2337/db19-0738
https://doi.org/10.1016/j.ijbiomac.2018.11.053
https://doi.org/10.1016/j.jpba.2017.03.023
https://doi.org/10.1016/j.jpba.2017.03.023
https://doi.org/10.1016/j.jpha.2020.11.008
https://doi.org/10.1016/j.jpha.2020.11.008
https://doi.org/10.1080/03602532.2017.1417424
https://doi.org/10.1080/03602532.2017.1417424
https://doi.org/10.1039/d0fo01667e
https://doi.org/10.1016/j.jep.2016.06.029
https://doi.org/10.1016/j.jep.2016.06.029
https://doi.org/10.1007/s00109-016-1487-z
https://doi.org/10.1016/j.phymed.2018.09.239
https://doi.org/10.1016/j.phymed.2018.09.239
https://doi.org/10.1111/bph.15360
https://doi.org/10.1016/j.fct.2015.01.026
https://doi.org/10.1016/j.jep.2021.114836
https://doi.org/10.3390/molecules22020325
https://doi.org/10.3390/molecules22020325
https://doi.org/10.1016/j.bcp.2019.113680
https://doi.org/10.1016/j.phymed.2019.152973
https://doi.org/10.1021/acs.jafc.9b02569
https://doi.org/10.1016/j.biopha.2019.109756
https://doi.org/10.1016/j.biopha.2019.109756
https://doi.org/10.1016/j.fitote.2016.11.014
https://doi.org/10.1016/j.phytochem.2016.11.011
https://doi.org/10.1016/j.phytochem.2016.11.011
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Tissue Distribution, Excretion, and Interaction With Human Serum Albumin of Total Bioflavonoid Extract From Selaginella doe ...
	Introduction
	Methods
	Chemicals and Reagents
	Plant Material
	Preparation of Herb Extracts
	Animals
	HPLC-ESI-MS/MS
	Preparation of Standard Solutions and Quality Control (QC) Samples
	Sample Preparation
	Tissue Distribution and Excretion
	Binding to HSA
	Data Analysis

	Results
	Method Validation
	Tissue Distribution
	Excretion Analysis
	Binding to HSA and Characterization of the Bioflavonoid-HSA Complex

	Disscusion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


