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Fructus arctii, also known as great power seed, is the dried fruit of Arctium lappa of the family Compositae. It is a commonly used veterinary herbal medicine, and arctigenin is the main active ingredient. The aim of this study was to characterize the absorption, distribution, metabolism, and excretion of arctigenin and Fructus arctii powder in piglets. These data were used to provide a theoretical reference for the development and clinical use of new veterinary drugs. Sixteen healthy piglets (mean weight 30.0 ± 5.0 kg) were divided into two groups. One group was administered 2.0 mg/kg body weight (bw) arctigenin intravenously, and the other was administered 1.0 g/kg.bw Fructus arctii powder by gavage. Blood samples were collected from the anterior vena cava at different time points, and the concentration of arctigenin in the plasma of the piglets was determined using high-performance liquid chromatography (HPLC). Arctigenin conformed to a two-compartment model with no absorption, and the main pharmacokinetic parameters were as follows: distribution half-life (t1/2α)−0.166 ± 0.022 h; elimination half-life (t1/2β)−3.161 ± 0.296 h; apparent volume of distribution (Vd)−0.231 ± 0.033 L/kg; clearance rate (CLb)−0.057 ± 0.003 L/(h.kg); and area under the curve (AUC)−1.189 ± 0.057 g.h/mL. The pharmacokinetic parameters of arctigenin following oral administration of the Fructus arctii powder were as follows: absorption half-life (t1/2ka)−0.274 ± 0.102 h, t1/2α−1.435 ± 0.725 h, t1/2β−63.467 ± 29.115 h, Vd−1.680 ± 0.402 L/kg, CLb−0.076 ± 0.028 L/(h kg), peak time (tmax)−0.853 ± 0.211 h, peak concentration (Cmax)−0.430 ± 0.035 g/mL, and AUC−14.672 ± 4.813 g/mL. These results indicated that intravenous arctigenin was sparingly distributed in tissues. In contrast, orally administered Fructus arctii powder was rapidly absorbed, more widely distributed, and more slowly eliminated than the intravenous arctigenin, which may indicate its sustained pharmacological effects.
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INTRODUCTION

Fructus arctii, also known as great power seed, is the dried fruit of Arctium lappa of the family Compositae. It is a commonly used veterinary herbal medicine and is cold, pungent, and bitter in taste. It is associated with the lung and stomach meridians and can eliminate wind-heat and promote healing lung rashes. Arctium lappa is used by veterinarians to treat external wind-heat, cough, asthma, sore throat, and other conditions (1). The main active components of Fructus arctii are lignans, including arctiin and arctigenin (2). Arctiin can be converted, by gastrointestinal microorganisms, to arctigenin (3), which is the active component of Fructus arctii (4, 5). Arctigenin exerts anti-inflammatory (5, 6), antiviral (7, 8), antibacterial (9), antitumor (10, 11), and anti-diabetic (12) effects, and thus, it has excellent therapeutic potential. In this study, the pharmacokinetic characteristics of intravenously administered arctigenin and orally administered Fructus arctii powder in piglets were investigated to provide a theoretical basis and reference for the development and clinical use of arctigenin. Furthermore, this study will contribute to modernization of Chinese veterinary drugs.

MATERIALS AND METHODS

Materials
 Drugs

Arctigenin standard (98.1%; batch number, 160509) was purchased from Shanghai Ronghe Pharmaceutical Technology Co., Ltd. A standard solution containing 1.0 mg/mL arctigenin was prepared in a 5% methanol (aqueous) solution. An injection solution was prepared by dissolving arctigenin (10.0 mg/mL) in propylene glycol and water. Fructus arctii powder (0.33% arctigenin and 4.33% arctiin) was prepared by crushing Fructus arctii to 100 mesh granules. Arctiin and arctigenin content in Fructus arctii powder was determined per the methods in the veterinary pharmacopeia of the People's Republic of China. The dosage of arctigenin and Fructus arctii powder in piglets was determined according to the veterinary pharmacopeia of the People's Republic of China.

Instruments

The instruments used in this study were an Agilent 1200 high-performance liquid chromatography (HPLC) system equipped with an autosampler and ultraviolet detector (USA), a D3024R high-speed centrifuge (Scilogex, USA), an electronic balance (0.0001 g) (Sedoris, Germany), and an N-EVAP™ 111 Nitrogen Blowing Apparatus (Louis company, USA).

Animals

Sixteen healthy piglets (mean weight, 30.0 ± 5.0 kg, 60 days of age) were purchased from Wuhan Bomu Biotechnology Co., Ltd. They were randomly divided into two groups (nos. 1–8 and nos. 9–16). Each group consisted of four males (nos. 5–8 and 13–16) and four females (nos. 1–4 and 9–12). The piglets were housed in the animal experiment center of Wuhan Academy of Agricultural Sciences. The animal study was conducted per lab animal ethical review number 20160521031. The temperature of the pigsty was controlled at (24.0 ± 1.0°C), and the piglets were allowed free access to water and food. The feed was a diet without any drugs to prevent confounding results due to other drugs. Prior to execution of experiments, the piglets were fed normally for 2 weeks. After completion of the experiments, normal feeding was carried out.

Method
 Chromatographic Conditions

The chromatographic column, detection wavelength, mobile phase, flow rate, injection volume, and column temperature were Agilent SB-C18 (250 mm ×4.6 mm, 5 μm), 280 nm, methanol/acetonitrile/water (31:20:49 V/V/V), 0.8 ml/min, 30 μL, and 30 ± 0.1°C, respectively (13–15).

Plasma Sample Treatment

Plasma samples were stored in a −20°C freezer and were thawed at 20 ± 5°C. Samples (0.5 mL) were accurately transferred to 5.0-ml centrifuge tubes, 2.0 mL of dichloromethane was added, and the mixture was vortexed for 60 s. The mixture was centrifuged at 9,000 × g for 10.0 min to separate the dichloromethane. The dichloromethane layers were extracted twice using this method and combined. The dichloromethane extracts were placed in 15.0-mL centrifuge tubes and dried under nitrogen at 40°C in a water bath. The residue was dissolved in 200 μL of mobile phase, centrifuged at 9,000 × g for 10.0 min, and the supernatant was filtered through a 0.22-μm filter. The filtrate (30 μL) was injected onto the HPLC system for analysis (16–18).

Establishment of Plasma Standard Curve

Blank plasma (500 μL) was added to 5.0-mL polypropylene centrifuge tubes, and this was followed by a series of diluted arctigenin working standard solutions. The resulting spiked plasma samples contained 0.05, 0.1, 0.25, 0.5, 1.0, 2.5, and 5.0 μg/mL arctigenin. The samples were extracted using the procedure described in section Plasma Sample Treatment and analyzed using HPLC. The measured peak area (x) and concentration (y) of arctigenin were plotted, and the standard curve in plasma was established. The regression equation was used to calculate the correlation coefficient (r).

Method Verification

Blank plasma (500 μL) was transferred to 5.0-mL polypropylene centrifuge tubes. Diluted bovine aglycone working standard solutions at high, medium, or low concentrations were added, and the solutions were mixed well. The samples were prepared (5.0, 1.0, and 0.1 μg/mL) according to the section Plasma Sample Treatment and analyzed using HPLC. Five concentrations were analyzed each day to determine the intraday coefficient of variation. Repeat analyses were evaluated on five different days to determine the interday coefficient of variation. Furthermore, the recovery, accuracy, precision, and sensitivity of the method were calculated according to the following formulae:

Accuracy (extraction recovery) = peak area of drug injected after sample extraction/peak area after standard solution injection ×100%;

Precision (intraday and interday coefficient of variation) = standard deviation/average ×100%;

Limit of detection (LOD): The lowest concentration at which the signal-to-noise ratio (S/N) was ≥3;

Limit of quantification (LOQ): The minimum concentration at which S/N was ≥10, and the accuracy and precision were both within the acceptance criteria.

Pharmacokinetic Test Design

The pigs were fasted for 12.0 h prior to administration of arctigenin and Fructus arctii powder. Each piglet was weighed, and blood samples were collected from the anterior vena cava as blank controls. The first group of piglets (nos. 1–8) was administered 2.0 mg/kg.body weight (bw) arctigenin by intravenous injection, and the second group (nos. 9–16) was given 1.0 g/kg.bw Fructus arctii powder by gavage. In both groups, blood samples were collected from the anterior vena cava (5.0 mL) at 0.167, 0.333, 0.5, 0.75, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0, and 8.0 h for the first group, and at additional time points of 12.0, 24.0, and 48.0 h for the second group (nos. 9–16 piglets). Blood samples were collected in heparinized polypropylene centrifuge tubes. The samples were centrifuged for 15.0 min at 3,000 × g, and the supernatants were collected and stored at −20°C until pharmacokinetic analysis (19).

Determination of Arctigenin Concentration in Piglet Plasma

The plasma samples collected at each time point after arctigenin administration were analyzed by HPLC (according to the section Plasma Sample Treatment), the peak area of arctigenin was calculated, and the standard curve regression equation was used to calculate the plasma concentration of arctigenin.

Data Analysis

Excel software was used to generate the plasma standard curve and the concentration–time curve. Pharmacokinetic model fitting and pharmacokinetic parameters were analyzed using the 3p97 pharmacokinetic software created by a mathematical professional committee of the Chinese Pharmacological Society.

EXPERIMENTAL RESULTS

Chromatographic Behavior of Arctigenin in Plasma

The retention time of arctigenin (ACT) was 14.0 min. The peak was symmetrical, the chromatogram showed a stable baseline, and the peak was well resolved from the impurity peak. The method also showed good sensitivity for arctigenin.

Plasma Standard Curve

The plasma concentration curve for arctigenin was linear (r = 0.9998) across the range of 0.05–10.0 μg/mL. The regression equation was y = 0.0265 x – 0.0328 (where x represents the peak area of arctigenin and y represents the plasma concentration of arctigenin). The calibration curve of arctigenin in piglet plasma is shown in Figure 1.
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FIGURE 1. Calibration curve of arctigenin in piglet plasma.



Method Verification

The detection limit of arctigenin in piglet plasma was 0.025 μg/mL, and the lower LOQ was 0.05 μg/mL. The arctigenin response was linear across the range of 0.05–5.0 μg/mL, the regression equation was y = 0.0264 x – 0.0295, and the correlation coefficient was 0.9998. Recovery was 83.35% greater, the intraday variation was no more than 3.51%, and the interday variation was no more than 5.90%. Recovery, interday variation, and intraday variation are summarized in Tables 1, 2.


Table 1. Intraday recovery and precision values for the determination of arctigenin in piglet plasma (n = 5).
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Table 2. Interday recovery and precision values for the determination of arctigenin in piglet plasma (n = 5).
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Pharmacokinetic Test Data
 Intravenous Arctigenin Injection

The blood arctigenin concentration time course in piglets after a single intravenous injection of arctigenin (2.0 mg/kg.bw) is summarized in Table 3, the main pharmacokinetics parameters are summarized in Table 4, and the blood arctigenin concentration–time curve is shown in Figure 2.


Table 3. Blood concentration of arctigenin in piglets after intravenous injection (2.0 mg/kg.bw).
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Table 4. Pharmacokinetic parameters of arctigenin (2.0 mg/kg.bw) in piglets after intravenous injection.
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FIGURE 2. Blood concentration–time curve of arctigenin in piglets after intravenous injection (2.0 mg/kg).



After intravenous injection of arctigenin, the plasma concentration–time data of the arctigenin piglets conformed to the non-absorbed two-compartment model with the formula C = 1.479e−4.194t + 0.187e−0.221t. The distribution half-life (t1/2α) was 0.166 ± 0.022 h, the elimination half-life (t1/2β) was 3.161 ± 0.296 h, and the apparent volume of distribution (Vd) was 0.231 ± 0.033 L/kg. These results suggested that, in piglets, burdock glycosides were distributed rapidly, but distribution into tissues was low and elimination was rapid due to metabolism.

Oral Administration (by Gavage) of Fructus Arctii Powder

The time course of blood arctigenin concentration in piglets fed a single dose of Fructus arctii powder (1.0 g/kg.bw) is shown in Table 5, the main pharmacokinetic parameters are shown in Table 6, and the blood arctigenin concentration–time curve is shown in Figure 3.


Table 5. Blood concentration (μg/mL) of arctigenin in piglets after a single oral dose of Fructus arctii powder (1.0 g/kg.bw).
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Table 6. The main pharmacokinetic parameters in piglets after a single oral dose of Fructus arctii powder (1.0 g/kg.bw).
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FIGURE 3. Arctigenin concentration–time curve in piglets after a single oral dose of Fructus arctii powder (1.0 g/kg.bw).



The blood arctigenin concentration–time data adhered to the absorption chamber model. The formula was C = 0.644e−0.567t + 0.160e−0.013t – 0.864e−1.826t, the curve was bimodal, tmax was 0.853 ± 0.211 h, the maximum concentration (Cmax) was 0.430 ± 0.035 μg/mL, the absorption half-life (t1/2ka) was 0.274 ± 0.102 h, the elimination half-life (t1/2β) was 63.467 ± 29.115 h, and the apparent volume of distribution (Vd) was 1.680 ± 0.402 L/kg. The powder was rapidly absorbed, widely distributed, and was slowly eliminated.

DISCUSSION

Arctigenin has excellent therapeutic potential. This study evaluated the pharmacokinetics of arctigenin and Fructus arctii to characterize their absorption, distribution, metabolism, and excretion in piglets and provides a theoretical basis and reference for the development and clinical use of new veterinary drugs.

After intravenous injection of arctigenin, the distribution half-life (t1/2α) (0.166 ± 0.022 h) was short and the apparent distribution volume (Vd) (0.307 ± 0.033 L/kg) was low, indicating that arctigenin was rapidly distributed, but distribution into tissues was relatively low. Arctigenin was mainly distributed in the blood and the extracellular fluid (19). The elimination half-life (t1/2β) (3.161 ± 0.296 h) was relatively short, indicating that elimination occurred rapidly and did not correlate with distribution.

The absorption half-life (t1/2ka) of Fructus arctii powder was 0.274 ± 0.102 h and the peak time (tmax) was 0.853 ± 0.211 h, indicating that absorption was rapid and the time to reach the maximum blood concentration was short. The t1/2β (63.467 ± 29.115 h) was long, the Vd(1.680 ± 0.402 L/k) was large, and the peak concentration Cmax (0.430 ± 0.035 μg/mL) was relatively low. These results indicate that arctigenin was eliminated slowly and was distributed to tissues, resulting in a relatively low concentration of the drug in the blood, which may indicate a sustained pharmacological effect (17). A previous report showed that arctigenin was rapidly absorbed in rats and beagle dogs (absorption rate < 1 h), showed a high degree of absorption (absolute bioavailability > 100%), and was rapidly eliminated. The time course of tissue distribution of arctigenin in rats after intravenous administration was indicative of rapid (2.5 h to reach the peak concentration) and wide (detectable in almost all tissues and organs) distribution. The arctigenin concentration was highest in the intestine, followed by that in the heart, liver, pancreas, and kidney (20). This was similar to the rapid and wide distribution we observed following oral administration of Fructus arctii to piglets. Comparison of pharmacokinetic parameters of arctigenin and Fructus arctii, it was found that the main differences in pharmacokinetic parameters were elimination half-life (t1/2β), apparent volume of distribution (Vd), and area under the concentration–time curve (AUC). These differences were significant (p < 0.01). These results indicated that the gastrointestinal system greatly influenced the absorption, distribution, metabolism, and excretion of arctigenin.

After intravenous injection of arctigenin, the plasma concentration–time data in piglets conformed to the non-absorbed two-compartment model. These results were similar to those of a previous study, which evaluated intravenous injection of different doses of arctigenin and its valine ester derivative in Wistar rats (21). The blood drug concentration–time curve was consistent with the two-compartment model. After oral administration of Fructus arctii, the blood concentration–time data of arctigenin in piglets were consistent with the two-compartment model of absorption. This is not in line with the characteristics of the one-compartment model after Wistar rats were orally administered different doses of arctiin and its valine ester derivative, which was reported by Cai et al. (21). These differences may have been species specific. The blood arctigenin concentration–time curve of Fructus arctii powder was bimodal. The peak times (Tmax) of the first and second curves were 0.5 and 1.5 h, at which the peak concentrations (Cmax) were 0.606 ± 0.036 and 0.413 ± 0.036 μg/ml, respectively. This bimodal phenomenon was also observed in a pharmacodynamic study of Fructus arctii in mice by Yuan (22). Additionally, the author found that there were two peak concentrations, which indicated that the absorption process of the drug was unique and that the pharmacodynamics were related to the pharmacokinetics. The authors suggested that the two peaks might have resulted from the conversion of arctiin in the aqueous extract to arctigenin or the enterohepatic circulation of arctigenin. Gao et al. reported that arctigenin undergoes extensive glucuronic acid hydrolysis in the liver, intestine, and plasma, which may be associated with the dual absorption peaks of the drug, further suggesting that the drug remains in the body for a prolonged period (23). Ikeda et al. reported that the pharmacokinetics of arctigenin in the human body followed a non-linear model. This study observed a second absorption peak for arctiin and arctigenin, suggesting intrahepatic circulation (24). Gao et al. showed that glucaldehyde acidification is the main intestinal and liver metabolic pathway for arctigenin, and arctigenin excreted in the bile can be further hydrolyzed to arctiin, indicating potential enterohepatic circulation (25). Gao et al. found that hydrolysis was the main metabolic pathway of arctigenin; subsequently, arctigenic acid, arctigenin 4-O-glucuronide, and 4-O-demethylarctigenin were identified as three novel metabolites (26). These reports were similar to those indicating double absorption peaks of arctigenin in piglets following oral administration of Fructus arctii, which provided further support for hepatic and intestinal circulation of arctigenin in piglets.

Zeng et al. found that the function of p-glycoprotein was impaired in diabetic rats and that arctigenin is a substrate for p-glycoprotein, resulting in increases of 356.8 and 223.4% in the Cmax and AUC0−10h values of arctigenin administered orally to diabetic rats compared with normal rats, respectively. However, after intravenous injection, there were no significant differences in Cmax or AUC0−10h between normal and diabetic rats (27). The blood drug concentrations observed in the previous experiment by Zeng et al. and the present study were not affected by the physiological state of the piglets or the gender of the piglets. Furthermore, no significant differences were observed in the pharmacokinetic parameters between the two studies; presumably, the pharmacology and pharmacokinetics of arctigenin after oral or intravenous administration are not affected by physiological conditions, whether pathological or normal. However, the reality needs further investigation.

Pharmacokinetic studies of traditional Chinese medicines often result in bimodal absorption time courses due to the complex nature of these medicines and conversion of components to the same parent molecule (28). In a study by Guo et al. on the pharmacokinetics of orally administered baicalin and Radix Scutellariae in rats, the blood drug concentration–time curve was bimodal. This may have been due to the hydrolysis of baicalin to its glycoside form by intestinal flora, resulting in enterohepatic circulation (29). Furthermore, this phenomenon may be associated with mother nuclear components sharing metabolic mechanisms (30). Yang et al. studied the pharmacokinetic characteristics of cinnamic acid in baoxin pellets in rats and found that the blood drug concentration–time curve was bimodal. Cinnamic aldehyde can be oxidized to cinnamic acid in vivo, and reabsorption resulted in a second absorption peak, which may have been indicative of enterohepatic circulation (31). The bimodal phenomenon observed in this study was likely caused by metabolism of arctiin to arctigenin. It is possible that the second peak resulted from enterohepatic circulation or through conversion of arctiin to arctigenin. The specific mechanism responsible for the bimodal absorption distribution of arctigenin should be investigated in future studies.

CONCLUSION

In this study, HPLC was used to quantitate arctigenin in piglet plasma. The method was sensitive, specific, and rapid. This method can be used to support preclinical pharmacokinetic studies of arctigenin with new veterinary drugs. The pharmacokinetic characteristics of Fructus arctii and its main active ingredient arctigenin in piglets were characterized. The results showed that intravenous administration of arctigenin exhibited a two-compartment model without absorption in piglets and showed poor tissue distribution, short half-life, and rapid elimination. Oral administration of Fructus arctii exhibited a two-compartment model of arctigenin absorption characterized by fast absorption, wide distribution, and slow elimination, with potential hepatoenteric circulation, which suggested that arctigenin may exert effects for a prolonged period of time. Dosing amount and frequency should be controlled to prevent side effects caused by drug accumulation in the body due to slow elimination.
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