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Delicaflavone (DF), a natural active ingredient from Selaginella doederleinii Hieron, has been reported to have favorable anticancer effects and is thus considered a potential anticancer agent. However, its pharmacokinetics and plasma protein binding properties remain unknown. Here, we investigated the pharmacokinetic profile of DF in rats using a validated HPLC-MS/MS methods, as well as its human serum albumin (HSA) binding properties through multi-spectroscopic and in silico methods. The results showed that DF was rapidly eliminated and had a widespread tissue distribution after intravenous administration. DF showed linear dynamics in the dose range of 30–60 mg/kg and poor oral bioavailability. The major distribution tissues of DF were the liver, lungs, and kidneys. Ultraviolet and fluorescence spectroscopy and molecular docking demonstrated that DF had a static quenching effect on HSA, with one binding site, and relatively strong binding constants. Thermodynamic analysis of the binding data revealed that hydrogen bonding and van der Waals interactions played major roles in binding. The results of this study further our understanding of the pharmacokinetic and plasma protein binding properties of the potential anticancer agent DF and shed light on pharmacological strategies that may be useful for the development of novel cancer therapeutics.
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1 INTRODUCTION
Delicaflavone (DF), a rarely occurring biflavonoid, is an active ingredient isolated from Selaginella doederleinii Hieron, a traditional Chinese medicine used for health promotion and treatment of various cancers (Liu et al., 2011; Li et al., 2020). Modern pharmacological studies have demonstrated that DF induces reactive oxygen species (ROS)-mediated apoptosis and cell cycle arrest via the PI3K/AKT/mTOR and Ras/MEK/Erk signaling pathways, which results in autophagic cell death via the Akt/mTOR/p70S6K signaling pathway (Sui et al., 2017; Yao et al., 2020). In summary, the existing research indicates that DF possesses favorable anti-tumor potential and excellent safety profiles, and deserves further research and development as a novel anti-tumor candidate either alone or in combination with other drugs (Sui et al., 2016; Chen et al., 2019; Yao et al., 2019). However, the pharmacokinetic and plasma binding properties of DF have not been fully elucidated.
Pharmacokinetic assessments are a prerequisite for elucidating the mechanisms of DF, which is essential for lead identification and optimization in drug discovery and preclinical development, as well as for dosage regimen design and drug formulation (Li et al., 2019; Chen et al., 2020; Kamble et al., 2021). Several studies have evaluated the pharmacokinetic characteristics of biflavonoids in S. doederleinii (Liao et al., 2015). However, there is not enough information on the in vivo process profiles of individual DF (Yao et al., 2017). Thus, it is important to propose a systematic and comprehensive study on the pharmacokinetics of DF in vivo to further understand its pharmacological effects and to develop its clinical application (Su et al., 2019; Zhu et al., 2021).
Serum albumin is the most abundant protein and the most important transport protein in the blood circulatory system and plays a critical role in pharmacokinetics and pharmacodynamics (Volpp and Holzgrabe, 2019). Plasma protein binding rate is an important parameter from a pharmacokinetic and pharmacodynamics perspective and has become a widely accepted parameter during the development of new drugs (Nation et al., 2018). However, previous descriptions on the pharmacokinetic behavior of DF were not comprehensive, and the plasma protein binding property to human serum albumin (HSA) has not been reported before (Wang et al., 2021).
In this study, a reliable and highly sensitive HPLC-ESI-MS/MS method was developed and validated for quantitative of delicaflavone. The comprehensive pharmacokinetics and tissue distributions of individual DF in rats and the binding properties of DF are presented for the first time. Our work presents a comprehensive description of the pharmacokinetic behaviors of DF in rats and the association between DF and HSA, which may provide a useful methodological reference for future assays designed to evaluate its human applications.
2 MATERIALS AND METHODS
2.1 Chemicals and Reagents
DF (purity ≥98.0%) was supplied by Fujian Medical University (Fuzhou, China). Amentoflavone (purity ≥98.0%, internal standard, IS) was obtained from Shanghai Winherb Medical Technology Co., Ltd. (Shanghai, China). Free-fatty acid HSA was purchased from Sigma-Aldrich (St. Louis, MO, United States), and ultrafiltration disk membranes (molecular weight cut-off 10 kDa) were purchased from Merck Millipore (Darmstadt, Germany). HPLC-grade acetonitrile and methanol used in the study were purchased from Merck (Darmstadt, Germany), and the HPLC-grade glacial acetic acid was obtained from Aladdin (Shanghai, China). Water was purified using a Milli-Q system (Millipore, Bedford, MA, United States). All other chemicals and reagents used in this study were of analytical grade.
2.2 Animals
Sprague-Dawley rats (200 ± 20 g) were supplied by the Laboratory Animal Center of the Fujian Medical University. All the animals were housed in an environmentally controlled breeding room with an ambient temperature of 25 ± 2°C and a relative humidity of 55 ± 5% with a 12 h light/dark cycle and were observed for 1 week before the experiment. The rats were fed chow and water ad libitum, and fasted for 12 h before drug administration, but were allowed free access to water. All animal studies were conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals approved by the Animal Ethics Committee of Fujian Medical University.
2.3 Preparation of Stock Solutions, Calibration Standards, and Quality Control Samples
Standard stock solutions of DF and IS were dissolved in ethanol at concentrations of 200 and 100 μg/ml, respectively. The working solutions of DF for the calibration standards were prepared daily by diluting the stock solution with ethanol. The stock solution of IS was prepared and further diluted to obtain a working solution of 1 μg/ml. Then, the mixed stock solution was diluted with the IS working solution to provide a series of working standard solutions for the calibration curve. All the solutions were stored at 4°C until use.
Calibration standards of DF were prepared by spiking 10 μl standard working solutions to 100 μl blank plasma and tissue homogenates, and then samples were vortexed for 3 min to obtain a series of concentrations of: 1, 10, 50, 100, 200, 500, 1,000, 2,000, 5,000, and 10,000 ng/ml in the blank plasma; and 10, 20, 50, 100, 200, 500, 1,000, 2,000, and 4,000 ng/ml in the tissue homogenates. QC samples were prepared in the same manner at three different concentrations (3, 750, and 8,000 ng/ml for plasma; and 30, 300, and 3,000 ng/ml for tissue homogenates).
2.4 Pharmacokinetic and Tissue Distribution Studies
Twenty-four Sprague-Dawley rats (male, weight 200 ± 20 g) were randomly divided into four groups (n = 6) and used for the pharmacokinetic and bioavailability studies. DF was suspended in ethanol, polyethylene glycol 400 (PEG 400), and physiological saline (15:30:55, v/v/v) and was administered to the rats. Approximately 300 µl of blood samples was collected from the tail vein of each rat into heparinized tubes at 0.083, 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 8, 12, and 24 h after a single oral administration (i.g.) (30, 45, and 60 mg/kg) or at 0.042, 0.083, 0.167, 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 8, 12, and 24 h after a single i.v. injection (4 mg/kg) (Sui et al., 2017; Yao et al., 2019). Plasma was immediately isolated from the blood samples by centrifugation at 3,000 × g for 10 min, and then stored at −80°C until analysis. The absolute oral bioavailability (F) was calculated using the following formula:
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Thirty Sprague-Dawley rats (15 females, 15 males, weight 200 ± 20 g) were randomly divided into five groups (n = 6) for the tissue distribution study. At each time point (0.083, 0.25, 0.5, 1, and 2 h) following administration of a single i.v. dose (4 mg/kg) of DF, a group of animals (three females and three males for each treatment time) were sacrificed. Tissues (including the heart, liver, spleens, lungs, kidneys, brain, testis, ovary, and muscle) were immediately harvested and thoroughly rinsed in ice-cold physiological saline to remove the superficial blood and other contents. All tissue samples were processed using the methods described in the following section, immersed immediately in an ice bath at the end of each collection interval, and then stored at −80°C until analysis.
2.5 Determination of Drug Concentration
2.5.1 Sample Preparation
The plasma and tissue homogenate samples were obtained as follows: 100 μl biological samples were spiked with an aliquot of 10 μl IS working solution, vortex-mixed with 300 μl of methanol for 2.5 min, and centrifuged at 15,000 g for 10 min at 4°C to precipitate proteins. Subsequently, 5 μl of the supernatant was injected into the HPLC-MS/MS system for analysis.
2.5.2 Instrument and Analytical Conditions
The samples were analyzed using a Shimadzu LC/MS-8040 system (Shimadzu, Kyoto, Japan) connected to a Shimadzu LC-20AD HPLC system (Shimadzu, Kyoto, Japan). An Ultimate® XB-C18 (50 × 4.6 mm, 3.5 μm; Welch Materials, Inc., Ellicott, MD, United States) column was used for separation; the column temperature was 30°C, the flow rate was 0.4 ml/min, and the injection volume was 5 μl. The mobile phase was composed of a mixture of 0.5% glacial acetic acid water (A) and acetonitrile (B), and the separation was achieved within 5 min using isocratic elution at a ratio of 42% A and 58% B.
Triple-quadrupole tandem mass spectrometric detection (Shimadzu LC/MS-8040 system; Shimadzu, Kyoto, Japan) was coupled with an electrospray ionization interface. The detection and quantification of the analyte were performed using multiple reaction monitoring mode of the transitions m/z 537.20→255.20 for DF and m/z 537.20→375.00 for IS in the negative mode, based on our previous method (Chen et al., 2018). The chemical structures and fragmentation schemes of DF and IS are shown in Figures 1A,B. The optimized MS parameters were as follows: ion spray voltage, 6.0 kV; DL temperature, 250°C; heat block temperature, 400°C; nebulizer gas flow, 3 L/min; drying gas flow, 12 L/min; and the collision energies (CE) for DF and amentoflavone were 35 and 48 eV, respectively. Data acquisition and processing were performed using LabSolutions LCMS Ver. 5.5 software.
[image: Figure 1]FIGURE 1 | The chemical structures and fragmentation schemes for (A) Amentoflavone (IS), (B) Delicaflavone, and (C) Representative chromatograms of IS (100 ng/ml) and DF in rat plasma sample: (A) Plasma sample collected from the rat 2 h after i.v. administration of DF at a dose of 4 mg/kg; (B) Blank plasma spiked with DF and IS; (C) Blank plasma sample.
2.5.3 Method Validation
The developed HPLC-MS/MS method was validated in accordance with the Food and Drug Administration guidelines for industry on bioanalytical method validation procedures. The indicators of evaluation included specificity, linearity, inter- and intra-day accuracy and precision, extraction recovery, LLOQ, and stability of DF in the blank plasma and tissue homogenates.
2.6 Plasma Protein Binding and Blood-Plasma Partitioning
The ultrafiltration method was used to determine the extent of plasma protein binding in vitro. Briefly, an aliquot of 10 μl DF working solution (3.5, 35, and 350 μg/ml) was spiked into 700 μl blank plasma to give final concentrations of 50, 500, and 5,000 ng/ml and incubated for 1 h at 37°C. After an incubation period, an aliquot of 100 μl plasma sample was removed for drug concentration analysis, while the other 600 μl was transferred to a 10 kD cut-off ultrafiltration device (Darmstadt, Germany) and centrifuged at 2,000 × g for 2 h at 37°C. An aliquot of 100 μl of the centrifuged plasma sample was analyzed for the free drug concentration using the LC-MS/MS method. The percentage of protein binding was calculated using the following formula (Correa-Basurto et al., 2019):
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The blood/plasma concentration ratio (BP) of DF was determined by dividing 100 ng/ml and 1,000 ng/ml, respectively. DF was added to whole blood to obtain a final concentration and then these samples were incubated at 37°C for 30 min. Plasma was immediately isolated from the blood samples and processed using the methods described in sample preparation, and the concentration of DF was determined from a calibration curve that was prepared with blank plasma using the LC-MS/MS method.
2.7 Binding Studies on HSA
2.7.1 UV-Visible Spectroscopy Measurements
Interactions of the ligand (DF) with HSA were studied using UV-visible spectroscopy. The UV-visible absorption spectra of HSA (15 μM) in the absence or presence of various concentrations of DF (5.00, 7.50, 10.00, and 12.50 μM) were recorded from 240 to 470 nm using a spectrophotometer with 1.0 cm optical path quartz cuvette.
2.7.2 Fluorescence Measurements
2.7.2.1 Intrinsic Fluorescence Measurements
The intrinsic fluorescence spectra of HSA (8 μM) in phosphate buffer (pH 7.4) were incubated in the absence and presence of different concentrations of DF (5, 10, 15, 20, 25, 30, 35, 40, 45, and 50 μM) and were recorded at 37°C. An excitation wavelength of 295 nm was used throughout the experiments to avoid interference from tryptophan and/or tyrosine residues. To avoid the inner filter effect, the fluorescence data were corrected using the following formula:
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where Fcorr and Fobs represent the corrected and observed fluorescence intensities respectively, and Aem and Aex are the absorbances of the test sample at the excitation and emission wavelengths, respectively (Balaei and Ghobadi, 2019).
2.7.2.2 Determination of the Fluorescence Quenching Mechanism
Fluorescence quenching experiments were performed by adding various concentrations of DF (5, 10, 15, 20, 25, 30, 35, 40, 45, and 50 μM) to HSA (8 μM) at different temperatures (298, 303, 308, and 313 K). The emission spectra of DF-HSA complex were recorded in the range of 305–450 nm and the decrement in fluorescence intensity at the maximum of emission was determined according to the Stern-Volmer equation:
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where F0/F are the fluorescence intensities in the absence and presence of the quencher (DF), respectively, [Q] is the molar concentration of the DF (quencher), KSV is the dynamic quenching constant, Kq is the apparent bimolecular quenching rate constant, and τ0 is the fluorophore lifetime without DF (quencher), which has a value of 10−8 s (Yue et al., 2017).
2.7.2.3 Determination of the Binding Parameters and the Thermodynamic Parameters of the Binding Process
The binding of small molecules to a set of equivalent sites on a macromolecule can be calculated using the modified Stern-Volmer equation:
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The thermodynamic parameters of the binding event can be used to elucidate the binding modes between ligands and macromolecules. Therefore, the thermodynamic parameters of the binding constant were investigated at four different temperatures (298, 303, 308, and 313 K). The entropy change (ΔS°) and the enthalpy change (ΔH°) were obtained from the linear van’t Hoff plot to characterise the forces acting between DF and HSA:
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where Kb is the binding constant, R is the universal gas constant, T is the absolute temperature, and n is the number of binding sites per macromolecule at the corresponding temperature. Assuming that ΔH° is nearly constant in the studied temperature range, the free energy change (ΔG°) can be analyzed from the Gibbs equation:
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2.8 Molecular Modeling Study
Molecular docking simulation was carried out using Sybyl-x 1.3 (St. Louis, MO) to study the interaction between DF and HSA. The three-dimensional (3D) crystal structure of the HSA protein model (PDB ID: 1BM0) was downloaded from the RCSB Protein Data Bank (http://www.rcsb.org/). Water molecules were removed from the crystal structure, while the hydrogen atoms, N-termini and C-termini state were fixed during protein preparation. Ligands were drawn and subjected to structural minimization using Compute Sybyl-x 1.3. The Surflex-Dock (SFXC) docking mode was used to assess the possible conformation of the drug-protein complexes, and Surflex-Dock scores (total scores) represented the binding affinities. Drug-protein complexes were analyzed using the PyMOL program.
2.9 Data Analysis
Data acquisition and processing were conducted using LabSolutions LCMS Ver.5.5 software. The concentrations of DF in the plasma and tissues were determined using the calibration curve of each analysis batch. The pharmacokinetic parameters of DF in plasma were calculated using a non-compartmental approach with DAS 3.0 Version (Mathematical Pharmacology Professional Committee of China, Shanghai, China). The Cmax and Tmax were obtained directly from the experimental process.
All data are expressed as the mean ± SD. Independent t-tests were performed to assess the differences between two groups. Statistical significance was set at p < 0.05.
3 RESULTS
3.1 Method Validation
3.1.1 Specificity
Representative chromatograms of blank rat plasma, blank rat plasma spiked with amentoflavone (IS) and DF, and rat plasma samples 2 h after i.v. administration of DF are shown in Figure 1C. It can be observed that the retention times of DF and IS were around 2.55 and 3.65 min, respectively. The results showed excellent method selectivity; that is, the endogenous components from the biological samples (plasma and tissue homogenate) did not interfere with the retention times of DF and IS.
3.1.2 Linearity and LLOQ
The linearity of DF in plasma was obtained over a range of 1–10,000 ng/ml using a 1/X2 weighting. Linearity of DF in tissue homogenate was obtained over a range of 10–4,000 ng/ml using a 1/X2 weighting (Table 1). The correlation coefficients of the calibration curves listed in the table indicate that DF had excellent linearity in the rat bio-samples (R2 = 0.999). The lower limit of quantification (LLOQ) of DF was set at 1 ng/ml for plasma and 10 ng/ml for tissues.
TABLE 1 | Precision and accuracy of the assay method for DF in biological sample (n = 5).
[image: Table 1]3.1.3 Accuracy and Precision
The accuracy and precision of the method for quantification of DF were evaluated by analyzing the RE and RSD of quality control (QC) samples (LQC, MQC, and HQC) in the different biological samples (Table 1). The intra- and inter-day precisions (RSD) for DF in the QCs were less than 6.27%, and the accuracy (RE) ranged from −8.01 to 5.13%. The results demonstrate that the proposed method has good accuracy and precision.
3.1.4 Extraction Recovery and Matrix Effect
The extraction recoveries of DF and IS at the three levels of QC samples ranged from 86.96 to 99.67% with no significant variation. The matrix effect of the analytes was 99.35 ± 8.05% (Table 2). These results revealed that the recoveries of DF in the different matrices were within an acceptable range, and there were no notable endogenous interferences for the detection of DF in the rat bio-samples.
TABLE 2 | Matrix effect and extraction recovery of DF in rat plasma and tissues homogenate (n = 5).
[image: Table 2]3.1.5 Stability
The stability of DF was assessed by comparing the concentrations of DF at three QC levels under different conditions with those of newly prepared samples of the same concentrations (Table 3). DF remained stable in the autosampler at 37°C for 4 h, at room temperature (25°C) for 24 h, after three freeze-thaw cycles, and in long-term storage at −80°C for 14 days. The results illustrated that there was no noteworthy deviation in DF under the above storage conditions.
TABLE 3 | The stability of DF in rat plasma and tissues homogenate under different storage condition (n = 5).
[image: Table 3]3.2 Pharmacokinetics Study
The validated HPLC-MS/MS method was further applied to determine the pharmacokinetic behavior of DF in rats. The mean plasma concentration-time curves following a single i.v. administration of 4 mg/kg and a single i.g. administration of 30, 45, or 60 mg/kg are presented in Figures 2A,B, respectively.
[image: Figure 2]FIGURE 2 | Mean plasma concentration-time curves of DF in rats following i.v. administration (A) at 4 mg/kg and i.g. administration (B) at a single dose of 30, 45, and 60 mg/kg DF to rats (Mean ± SD, n = 6).
The pharmacokinetic parameters of DF, calculated using non-compartmental analysis, are summarized in Table 4. For the i.v. administration, the plasma concentration of DF was rapidly decreased and cleared out from the plasma with the T1/2 at 2.81 h. DF was widely distributed with a large apparent distribution volume (1.56 L/kg) and extensive clearance (0.38 L/h/kg). For the i.g. administration, DF was rapidly absorbed into the circulatory system within 0.85 h, and the elimination rate was faster than that of the i.v. administration. The Cmax and AUC0−t of DF at the three dosages (30, 45, and 60 mg/kg) indicated an apparent dose-proportionality. There were no significant differences in the other parameters, including Vd, T1/2, and MRT0-∞, among the three dosages. The mean oral bioavailability (F) of DF in the rats was 0.92 ± 0.08%.
TABLE 4 | Non-compartmental pharmacokinetic parameters of DF after single i.g. and i.v. administration in rats (Mean ± SD, n = 6).
[image: Table 4]3.3 Tissue Distribution of DF in Rats
The tissue distribution of DF was investigated following a single i.v. administration of 4 mg/kg in rats. The mean concentrations of DF in each tissue are presented in Figure 3. These data indicated that DF underwent a rapid and widespread distribution with no long-term accumulation in any of the tissues tested, consistent with the results of the PK study (Chi et al., 2019). After intravenous injection, all analytes presented with higher concentrations in the liver, lungs, spleens, kidneys, and heart, which might have been attributed to the high blood flow in these organs. The mainly distribution of DF in rats, which agrees fairly with previous anti-cancer reported in the literature (Menezes and Diederich, 2021; Wang et al., 2021). In addition, only a small amount of DF was detected in the brain, indicating that it may not easily cross the blood-brain barrier.
[image: Figure 3]FIGURE 3 | The mean concentrations of DF in the rat tissues were measured at 0.083, 0.25, 0.5, 1 and 2 h after rats received a single intravenous dose of the compound at 4 mg/kg (Mean ± SD, n = 6), DF primarily accumulated in the liver, lung, spleen and kidney.
3.4 Plasma Protein Binding and Blood-Plasma Partitioning (BP Ratio)
The unbound fractions of DF in the rat plasma were 0.61 ± 0.35%, 5.05 ± 1.87%, and 6.11 ± 1.05% at concentrations of 50, 500, and 5,000 ng/ml, respectively. The BP ratios of DF were 1.11 ± 0.08 and 1.33 ± 0.13 for concentrations of 100 and 1,000 ng/ml, respectively.
3.5 Binding Studies on HSA
3.5.1 UV Absorption Spectra of DF-HSA Complex
UV-visible spectroscopy provides the first evidence of DF-HSA interactions, which was slightly red-shifted at the maximum peak position. As shown in Figure 4A, the spectrum of DF in physiological saline (pH = 7.4, 1% methanol solution of final volume) is characterized by absorption bands with shoulders at 275 nm.
[image: Figure 4]FIGURE 4 | (A) UV-visible absorption spectra of DF (0, 5, 7.5, 10, and 12.5 μM) in the absence (purple line) or in the presence of HSA (15 μM) at pH 7.4; (B) The intrinsic fluorescence spectra of HSA (8 μM) in the absence (1) and presence of 5 (2), 10 (3), 15 (4), 20 (5), 25 (6), 30 (7), 35 (8), 40 (9), 45 (10), and 50 (11) μM DF; (C) The Stern-Volmer plots and (D) the modified Stern-Volmer plots for fluorescence quenching of HSA (8 μM) by DF at 298 (■), 303 (●), 308 (▲), and 313 (▼) K.
3.5.2 Fluorescence Characterization of DF-HSA Complex
The indole moieties of the tryptophan residues of HSA make the proteins have a well-defined fluorescence emission spectrum, with a maximum at 350 nm (Rabbani and Ahn, 2019). DF was almost non-fluorescent under the present experimental conditions. The fluorescence intensity of HSA in the absence and presence of different concentrations of DF is shown in Figure 4B. As presented, the fluorescence intensity of HSA decreased regularly with increasing DF concentration, suggesting an increased hydrophobicity of the region surrounding the tryptophan amino acid residue (Tang et al., 2016).
3.5.3 Fluorescence Quenching Mechanism
To elucidate the quenching mechanism of HSA by DF, temperature-dependent fluorescence quenching experiments were carried out at different temperatures, and the results are shown in Figure 4C and Supplementary Table S1. The KSV values obtained at 298, 303, 308, and 313 K were 28.60 (±0.56) × 103, 26.65 (±0.63) × 103, 22.10 (±0.33) × 103, and 19.75 (±0.49) × 103, respectively. The Stern–Volmer plots for the HSA and DF systems were linear, with an inverse relationship between the KSV values and the temperatures. According to the obtained results, the most probable quenching mechanism of HSA by DF might be static, and raising the temperature results in decreased stability of the DF-HSA complex.
3.5.4 Analysis of the Binding Equilibrium, Thermodynamics, and Acting Forces
The values of the association constant (Kb) and the number of binding sites (n) for the DF-HSA complex at different temperatures are shown in Figure 4D and are listed in Supplementary Table S2. The observed binding constants were nearly 105 M−1, demonstrating the strong binding of DF to HSA at the studied temperatures (Zhang et al., 2019; Carvalho et al., 2020). It was also found that Kb decreased significantly with an increase in temperature, resulting in reduced stability of the DF-HSA complex at higher temperatures. The values of n are on the order of 1, which indicates that there is a single class-binding site for DF in the neighborhood of the tryptophan residue and that no more binding can occur even at higher DF concentrations (Bijari et al., 2015).
In general, the binding of ligands to macromolecules involves hydrogen bonding, van der Waals, and electrostatic interactions (Barreca et al., 2017). The van’t Hoff plot for the evaluation of the thermodynamic parameters of the DF-HSA interaction is shown in Supplementary Table S3. The high negative ΔG° value (nearly ΔG° = −31 KJ mol−1) is indicative of a spontaneous process during the binding of DF to HSA. Meanwhile, the high negative ΔH° value, accompanied by a negative entropy change (ΔS°), suggests that the binding process is mainly enthalpy driven. Therefore, both hydrogen bonds and van der Waals interactions play a significant role in the binding of DF to HSA, according to the above-mentioned data (Cao et al., 2019).
3.6 Molecular Docking of DF With HSA
In the present study, the Sybyl-x 1.3 program was used to characterise the possible binding site of DF on HSA. The 3D crystal structure and the 2D schematic of DF with its best docking state in the active site of HSA are depicted in Figure 5A, with a binding energy of −5.4 kcal mol−1. The polar value and total score of the DF-HSA complex were 5.72 and 6.52, respectively. Targets of ligands with high total scores are usually calculated to have a correspondingly low binding free energy. For the docking of HSA, Figure 5B shows the DF stabilized by the seven hydrogen bonds involving the amino acid residues Glu167, Pro180, Arg428, Gln404, Arg521, and Gln522 in HSA. According to this result, the interaction between DF and HSA is not exclusively through hydrogen bonds, but also involves ionic and polar interactions. These interactions play an important role in stabilizing the DF-HSA complex, which blocks light, a result that is in accordance with the results that provide experimental evidence to explain the fluorescence quenching of HSA emission and the absorbance decrease at 350 nm.
[image: Figure 5]FIGURE 5 | Three-dimensional structure of HSA Complexed with DF. (A) The HSA structure has been rendered with ribbons and line, while DF is rendered as tune. The inset shows a magnification of the binding site with DF represented using stick model; (B) Representation of the amino acid residues in the binding site with their hydrogen bonds and van der Waals radii.
4 DISCUSSION
Many studies have demonstrated that DF possesses favorable anti-tumor potential and minimal side effects, and deserves to be further development as an anti-tumor candidate (Sui et al., 2017; Yao et al., 2019). In the preclinical phase, pharmacokinetic studies are a prerequisite to guarantee that the tested drugs have appropriate drug-like properties. Understanding pharmacokinetic properties is crucial for lead identification and optimization in drug discovery and preclinical development, as well as for dosage regimen design and drug formulation developed.
In the pharmacokinetic curves after a single i.v. administration and i.g. administration in rats, DF was rapidly absorbed and eliminated from rat plasma, with an average T1/2 (2.81 h, 2.84 h). The mean absolute bioavailability of DF in rats was estimated to be 0.98% after oral administration three doses. These results correlate with our previous study on total bioflavonoid extracts from S. doederleinii with inferior bioavailability, which suggested that biflavonoids have poor solubility and permeability (Shen et al., 2021). In addition, the linear pharmacokinetic behavior of DF was observed across the investigated dosage range (30–60 mg/kg). Delicaflavone was widely distributed, with a large apparent distribution volume (585.74, 697.10, and 761.09 L/kg) and extensive clearance (127.99, 173.34, and 201.91 L/h/kg) at three oral doses, respectively. It was inferred that the rapid and extensive biotransformation of DF in rats might be the main cause of the low bioavailability of DF after oral administration (Wang et al., 2014; Zhong et al., 2020).
The tissue distribution results suggest that DF exhibits rapid and wide distribution to all of the examined tissues and organs throughout the body following intravenous administration of DF (4 mg/kg) to rats, which would conceivably imply a rapid pharmacological effect (Lv et al., 2019). In our analysis of the tissue distribution, concentrations of DF may reach to the highest level before 0.08 h in some tissues with high blood flow. Compared with plasma exposure, extremely low levels of DF were detected in brain, indicating that it cannot effectively cross the blood-brain barrier.
The drug-drug interaction (DDI), pharmacodynamics, and pharmacokinetic properties of a drug are closely related to its reversible binding to plasma or serum proteins. The results of the plasma protein binding studies were consistent at the concentrations of 50, 500, and 5,000 ng/ml, with unbound fraction values of 0.61, 5.05, and 6.11%, respectively. Delicaflavone displayed a high affinity for plasma/serum protein, which is consistent with its high lipophilicity, and the rate of plasma protein binding was nonlinear concentration-dependent (Nation et al., 2018; Chen et al., 2020).
Multi-technique spectroscopic approaches and molecular docking were used to elucidate the nature of the interaction between DF and HSA. UV-visible spectroscopy provided the first evidence of DF-HSA interaction, which was slightly red-shifted at the maximum peak position. In the present study, the binding constant of DF to HSA was determined by the intrinsic fluorescence quenching of the aromatic amino acids of HSA. The obtained binding constants of the DF-HSA complex formation were calculated to be on the order of 105 M−1, which was found to be within the range reported for HSA binding constants (103∼108 M−1) (Carvalho et al., 2020). In addition, the Gibbs free energy associated with the binding at 298, 303, 308, and 313 K was found to be negative (nearly ΔG° = −31 KJ mol−1). These results indicate that the strong and spontaneous binding of DF to HSA is responsible for poor pharmacokinetic profiles and is a limiting therapeutic step, or that nanocarriers could be designed to fine-tune lipophilicity, plasma protein binding, and facilitate diffusion across the membrane (Valic et al., 2020).
5 CONCLUSION
To the best of our knowledge, this is the first comprehensive pharmacokinetic and tissue distribution study of DF in rats and its binding properties to HSA. Various spectroscopic techniques, as well as in silico methods, have indicated minor changes in the HSA conformational structure in interactions with DF. A ground-state complex formation between DF and HSA was found, and thermodynamic analysis of the binding parameters revealed that hydrogen bonds and van der Waals interactions are the major forces involved in the binding interaction. A sensitive, rapid, and robust HPLC-MS/MS method was used to detect DF in the rat plasma and tissues (Bijari et al., 2015). The absolute bioavailability of DF in rats was very low because the drug is highly bound to plasma proteins in the range of 93.88–99.38% and is a limiting therapeutic step. Alternatively, it suggests that nanocarriers could be designed to fine-tune lipophilicity, plasma protein binding, and facilitate diffusion across the membrane (Zhang et al., 2019). The present pharmacokinetic and biophysical interaction study on DF will provide helpful information for further investigation and the development of DF, as well as for optimizing the properties of drugs and nanocarriers that are able to cope with the pharmacokinetic challenges of anticancer therapeutics.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by Animal Ethics Committee of Fujian Medical University.
AUTHOR CONTRIBUTIONS
HY, XL, YZ, and BC contributed to conception and design of the study. HL, WC, QH, KZ, and DX contributed to the experimental procedures. SL, AL, 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 and 2021J02033), 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).
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.
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 Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.761884/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
 Bijari, N., Ghobadi, S., Mahdiuni, H., Khodarahmi, R., and Ghadami, S. A. (2015). Spectroscopic and Molecular Modeling Studies on Binding of Dorzolamide to Bovine and Human Carbonic Anhydrase II. Int. J. Biol. Macromol. 80, 189–199. doi:10.1016/j.ijbiomac.2015.06.028
 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
 Carvalho, A. M., Fernandes, E., Gonçalves, H., Giner-Casares, J. J., Bernstorff, S., Nieder, J. B., et al. (2020). Prediction of Paclitaxel Pharmacokinetic Based on In Vitro Studies: Interaction with Membrane Models and Human Serum Albumin. Int. J. Pharm. 580, 119222. doi:10.1016/j.ijpharm.2020.119222
 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
 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
 Chi, J., Jiang, Z., Chen, X., Peng, Y., Liu, W., Han, B., et al. (2019). Studies on Anti-hepatocarcinoma Effect, Pharmacokinetics and Tissue Distribution of Carboxymethyl Chitosan Based Norcantharidin Conjugates. Carbohydr. Polym. 226, 115297. doi:10.1016/j.carbpol.2019.115297
 Correa-Basurto, A. M., Romero-Castro, A., Correa-Basurto, J., Hernández-Rodríguez, M., Soriano-Ursúa, M. A., García-Machorro, J., et al. (2019). Pharmacokinetics and Tissue Distribution of N-(2-hydroxyphenyl)-2-propylpentanamide in Wistar Rats and its Binding Properties to Human Serum Albumin. J. Pharm. Biomed. Anal. 162, 130–139. doi:10.1016/j.jpba.2018.09.010
 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
 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
 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
 Liao, S., Ren, Q., Yang, C., Zhang, T., Li, J., Wang, X., et al. (2015). Liquid Chromatography-Tandem Mass Spectrometry Determination and Pharmacokinetic Analysis of Amentoflavone and its Conjugated Metabolites in Rats. J. Agric. Food Chem. 63, 1957–1966. doi:10.1021/jf5019615
 Liu, H., Peng, H., Ji, Z., Zhao, S., Zhang, Y., Wu, J., et al. (2011). Reactive Oxygen Species-Mediated Mitochondrial Dysfunction Is Involved in Apoptosis in Human Nasopharyngeal Carcinoma CNE Cells Induced by Selaginella Doederleinii Extract. J. Ethnopharmacol. 138, 184–191. doi:10.1016/j.jep.2011.08.072
 Lv, L., Liu, Y., Li, L., Qin, F. L., Li, C. J., Zhou, Y. Q., et al. (2019). Pharmacokinetics and Tissue Distribution of Ebracteolatain A, a Potential Anti-cancer Compound, as Determined by an Optimized Ultra-performance Liquid Chromatography Tandem Mass Spectrometry Method. J. Pharm. Biomed. Anal. 169, 279–287. doi:10.1016/j.jpba.2019.03.015
 Menezes, J. C. J. M. D. S., and Diederich, M. F. (2021). Bioactivity of Natural Biflavonoids in Metabolism-Related Disease and Cancer Therapies. Pharmacol. Res. 167, 105525. doi:10.1016/j.phrs.2021.105525
 Nation, R. L., Theuretzbacher, U., and Tsuji, B. T. (2018). Concentration-dependent Plasma Protein Binding: Expect the Unexpected. Eur. J. Pharm. Sci. 122, 341–346. doi:10.1016/j.ejps.2018.07.004
 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
 Shen, B., Shen, C., Zhu, W., and Yuan, H. (2021). The Contribution of Absorption of Integral Nanocrystals to Enhancement of Oral Bioavailability of Quercetin. Acta Pharm. Sin. B. 11, 978–988. doi:10.1016/j.apsb.2021.02.015
 Su, M., Dong, C., Wan, J., and Zhou, M. (2019). Pharmacokinetics, Tissue Distribution and Excretion Study of Trans-resveratrol-3-O-glucoside and its Two Metabolites in Rats. Phytomedicine 58, 152882. doi:10.1016/j.phymed.2019.152882
 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
 Tang, B., Huang, Y., Ma, X., Liao, X., Wang, Q., Xiong, X., et al. (2016). Multispectroscopic and Docking Studies on the Binding of Chlorogenic Acid Isomers to Human Serum Albumin: Effects of Esteryl Position on Affinity. Food Chem. 212, 434–442. doi:10.1016/j.foodchem.2016.06.007
 Valic, M. S., Halim, M., Schimmer, P., and Zheng, G. (2020). Guidelines for the Experimental Design of Pharmacokinetic Studies with Nanomaterials in Preclinical Animal Models. J. Control Release. 323, 83–101. doi:10.1016/j.jconrel.2020.04.002
 Volpp, M., and Holzgrabe, U. (2019). Determination of Plasma Protein Binding for Sympathomimetic Drugs by Means of Ultrafiltration. Eur. J. Pharm. Sci. 127, 175–184. doi:10.1016/j.ejps.2018.10.027
 Wang, X., Zhao, X., Gu, L., Lv, C., He, B., Liu, Z., et al. (2014). Simultaneous Determination of Five Free and Total Flavonoids in Rat Plasma by Ultra HPLC-MS/MS and its Application to a Comparative Pharmacokinetic Study in normal and Hyperlipidemic Rats. J. Chromatogr. B Analyt Technol. Biomed. Life Sci. 953-954, 1–10. doi:10.1016/j.jchromb.2014.01.042
 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
 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, 325–342. doi:10.3390/molecules22020325
 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
 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
 Yue, Y., Zhao, S., Liu, J., Yan, X., and Sun, Y. (2017). Probing the Binding Properties of Dicyandiamide with Pepsin by Spectroscopy and Docking Methods. Chemosphere 185, 1056–1062. doi:10.1016/j.chemosphere.2017.07.115
 Zhang, R. R., Grudzinksi, J. J., Mehta, T. I., Burnette, R. R., Hernandez, R., Clark, P. A., et al. (2019). In Silico Docking of Alkylphosphocholine Analogs to Human Serum Albumin Predicts Partitioning and Pharmacokinetics. Mol. Pharm. 16, 3350–3360. doi:10.1021/acs.molpharmaceut.8b01301
 Zhong, C., Jiang, C., Ni, S., Wang, Q., Cheng, L., Wang, H., et al. (2020). Identification of Bioactive Anti-angiogenic Components Targeting Tumor Endothelial Cells in Shenmai Injection Using Multidimensional Pharmacokinetics. Acta Pharm. Sin. B. 10, 1694–1708. doi:10.1016/j.apsb.2019.12.011
 Zhu, J. B., Yang, J. X., Nian, Y. Q., Liu, G. Q., Duan, Y. B., Bai, X., et al. (2021). Pharmacokinetics of Acetaminophen and Metformin Hydrochloride in Rats after Exposure to Simulated High Altitude Hypoxia. Front. Pharmacol. 12, 692349. doi:10.3389/fphar.2021.692349
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.
Copyright © 2021 Chen, Luo, Chen, Huang, Zheng, Xu, Li, Liu, Huang, Zheng, 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.
OPS/images/math_4.gif
@





OPS/xhtml/nav.xhtml
Contents

		Cover

		Pharmacokinetics, Tissue Distribution, and Human Serum Albumin Binding Properties of Delicaflavone, a Novel Anti-Tumor Candidate		1 Introduction

		2 Materials and Methods		2.1 Chemicals and Reagents

		2.2 Animals

		2.3 Preparation of Stock Solutions, Calibration Standards, and Quality Control Samples

		2.4 Pharmacokinetic and Tissue Distribution Studies

		2.5 Determination of Drug Concentration

		2.6 Plasma Protein Binding and Blood-Plasma Partitioning

		2.7 Binding Studies on HSA

		2.8 Molecular Modeling Study

		2.9 Data Analysis





		3 Results		3.1 Method Validation

		3.2 Pharmacokinetics Study

		3.3 Tissue Distribution of DF in Rats

		3.4 Plasma Protein Binding and Blood-Plasma Partitioning (BP Ratio)

		3.5 Binding Studies on HSA

		3.6 Molecular Docking of DF With HSA





		4 Discussion

		5 Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/math_3.gif
(A + Acx)
2

“arr = Fas x antilog| ®





OPS/images/math_6.gif
©





OPS/images/math_5.gif
(5)





OPS/images/math_2.gif
totaldrug
% 100%, @)





OPS/images/math_1.gif
(AUC, , x dosei,. )
(AUC,,, x dose,,)

%100,









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





OPS/images/fphar-12-761884-g005.gif





OPS/images/fphar-12-761884-t001.jpg
Biological sample  Linear range Regression equation Precision (RSD, %) Accuracy

(ng/mi) (w=1/x%) Conc. (ng/ml)  Intraday Interday  Conc. (ng/ml)  RE (%)

Plasma 1-10,000 ¥ = 0.0023x+0.0029 (RE = 0.999) 3 521 549 3 457
750 212 207 750 205

8,000 098 158 8,000 176

Heart 10-4,000 ¥ = 0.0042x+0.0003 (R? = 0.999) 30 325 471 30 233
300 313 4,66 300 230

3,000 147 348 3,000 130

Liver 10-4,000 ¥ = 0,0062x-0.0030 (R = 0.999) 30 5.6 525 30 -6.06
300 097 514 300 498

3,000 221 204 3,000 202

Spleen 10-4,000 ¥ = 0.0043x+0.0127 (R? = 0.999) 30 151 4.14 30 485
300 214 513 300 364

3,000 0554 364 3,000 424

Lung 10-4,000 ¥ = 0.0028x+0.0065 (RE = 0.999) 30 198 173 30 493
300 156 239 300 372

3,000 0.48 116 3,000 198

Kindey 10-4,000 ¥ = 0.0049x+0.0005 (R? = 0.999) 0 238 391 30 191
300 205 539 300 274

3,000 572 503 3,000 -801

Brain 10-4,000 ¥ = 0.0028x+0.0065 (R? = 0.999) 30 627 438 30 513
300 482 525 300 454

3,000 198 322 3,000 127

Testis 10-4,000 ¥ = 0.0013x+0.0090 (R? = 0.999) 30 169 286 20 348
300 &7 274 300 -2.56

3,000 279 121 3,000 345

Ovary 10-4,000 ¥ = 0.0033x+0.0026 (RE = 0.999) 30 523 602 30 453
300 354 3.94 300 401

3,000 293 3.8 3,000 232

Musdle 10-4,000 ¥ = 0.0019+0.0077 (R? = 0.999) 30 6.12 594 30 327
300 453 521 300 194

3,000 365 3.46 3,000 231

Conc., concentration. RSD, relative S.D. (calculated from S.D., divided by mean and multiplied by 100).
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PK parameters

Ti2 (0)

Tmax ()

Crnax (ng/m)
AUC, . (h-ng/mi)
AUCo.c, (h-ng/mi)
Va (L/kg)

Cl (L/hkg)
MRTo, (h)
MRTo.q, ()

F (%)

i.g. administration

30 mg/kg

271 +0.67
0.85 +0.14
28.98 + 6.32
163.84 + 33.37
176.49 + 32.52
697.10 + 264.36
174.34 +30.10
8.56 + 0.22
10.01 £ 0.68
0.92 +0.08

45 mg/kg

3.19 + 0.86
0.80 + 0.1
55.81 + 9.60
21412 + 156.29
235.67 + 19.54
586.74 + 152.70
127.99 + 10.55
821 +0.87
10.06 + 1.70

60 mg/kg

262 +0.14
0.85 + 0.14
95.33 + 11.78
283.11 +33.79
300.20 + 34.87
761.09 + 8399
201.91 + 22.08
7.03+024
821+035

i.v. administration
4 mg/kg

281025

2,1569.38 + 392.02
2,173.96 + 399.99
1.66 + 0.45
0.38 + 0.09
0.69 + 0.18
0.80 +0.16
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Biological samples

Plasma

Heart

Liver

Spleen

Lung

Kidney

Brain

Testis

Muscle

Spiked concentration

Matrix effect

Extraction recovery

(ng/mi)

3
750
8,000
30
300
3,000
30
300
3,000
30
300
3,000
30
300
3,000
30
300
3,000
30
300
3,000
30
300
3,000
30
300
3,000
30
300
3,000

Mean = SD (%)

89.26 + 4.38
97.72 +1.42
95.42 + 1.45
93.48 + 0.09
99.24 £ 278
92.46 + 3.34
87.83 + 3.76
90.43 + 3.11
89.26 + 4.38
91.71 + 3.54
93.19 + 4.92
93.95 + 2.63
89.97 + 5.38
90.73 + 2.05
91.63 + 3.41
94.14 + 1.50
95.65 + 7.14
97.52 + 3.93
95.85 + 3.51
99.35 + 8.05
94.48 + 2.52
94.31 £ 236
93.40 + 1.72
95.38 + 4.40
95.61 +5.12
94.73 £ 1.09
96.53 + 5.48
96.16 + 4.44
95.17 + 4.49
96.84 + 3.31

RSD%

4.90
146
153
0.10
281
362
429
344
378
387
528
281
598
226
373
1.60
747
4.03
367
81
267
251
186
462
5.36
1.16
5.68
462
472
3.42

Mean + SD (%)

91.88 + 3.56
97.01 £ 1.21
98.13 £ 0.29
99.67 + 4.42
91.80 + 2.93
94.49 + 4.64
86.96 + 8.73
89.61 + 2.66
92.22 + 331
93.20 + 0.13
97.18 £ 5,52
96.17 + 4.14
95.38 + 4.40
94.29 + 1.20
88.37 + 4.50
93.07 + 2.35
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96.33 + 3.06
93.42 + 3.00
9321 +1.13
94.73 + 4.66
96.96 + 2.27
92.86 + 2.70
97.61 + 142
99.35 + 2.73
9210+ 1.11
92.18 + 3.14
94.46 + 2.72
91.64 + 3.68
90.06 + 5.10

RSD%

387
125
0.30
4.44
320
491
10.05
297
3.59
0.14
5.69
4.31
4.62
1.28
5.10
253
5.87
3.18
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1.22
4.92
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3.00
1.46
275
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3.42
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Brain

Testis

Muscle

Spiked Bench-top stability Short-term stability Freeze-thaw stability Long-term stability
concentration (25°C, 24 h) (37°C, 4h) (Three cycles) (-80°C, 14 days)
Con.(ng/mi) Bias RSD (%) Bias RSD (%) Bias RSD (%) Bias RSD (%)
%) ) %) %)

3 4.68 4.23 422 4.01 5.43 5.31 3.01 279
750 357 204 325 356 376 194 -6.56 503
8,000 104 3.20 512 293 -1.28 089 197 231
30 -478 3.8 -6.16 534 354 259 329 268
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3,000 402 286 -3.89 413 362 347 433 454
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