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Abstract
AIM
To investigate the antioxidant and hepatoprotective effects of Cortex Dictamni aqueous extract (CDAE) in carbon tetrachloride (CCl4)-induced hepatotoxicity in rats.

METHODS
The in vitro antioxidant effect of CDAE was investigated using DPPH, ABTS, β-carotene bleaching, reducing power, and TBARS assays. A linoleic acid system, including ferric thiocyanate (FTC) and thiobarbituric acid (TBA) assays, was used to evaluate the inhibition of lipid peroxidation. The in vivo hepatoprotective and antioxidant effects of CDAE were evaluated against CCl4-induced hepatotoxicity in Sprague Dawley rats. Silymarin was used as a positive control. Liver damage was assessed by determining hepatic histopathology and liver marker enzymes in serum. Enzyme and non-enzyme antioxidant levels and lipid peroxide content were measured in the liver. Cytochrome P450 2E1 (CYP2E1) protein expression was measured via immunohistochemical staining. Nuclear factor E2-related factor (Nrf2), HO-1, NAD(P)H quinine oxidoreductase 1 (NQO1), and γ-glutamylcysteine synthetase (γ-GCSc) protein expressions were measured by Western blotting.

RESULTS
Our results showed that CDAE exhibited strong antioxidant activity in vitro. CDAE scavenged DPPH and ABTS radicals in a dose-dependent manner. CDAE inhibited lipid peroxidation with a lipid peroxide (LPO) inhibition value of 40.6% ± 5.2%. In the FTC and TBA assays, CDAE significantly inhibited lipid peroxidation (P < 0.01). In vivo histopathological studies indicated that CCl4-induced liver injury was alleviated following CDAE treatment in rats of both sexes. CDAE (160 and 320 mg/kg) significantly prevented the CCl4-induced elevation of alkaline phosphatase (ALP), glutamate pyruvate transaminase (ALT), aspartate aminotransferase (AST), and total bilirubin (TBIL) levels in rats of both sexes (P < 0.05, 0.01, and 0.001). Moreover, CDAE restored the decreased activities of hepatic antioxidant enzymes, including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px), as well as non-enzyme antioxidant glutathione (GSH), which were induced by CCl4 treatment. CDAE significantly suppressed the up-regulation of CYP2E1 and promoted Nrf2, HO-1, NQO1, and γ-GCSc protein expression.

CONCLUSION
CDAE exhibits good antioxidant performance in vitro, with marked radical-scavenging and anti-lipid peroxidation activities. CDAE is effective in preventing CCl4-induced hepatic damage in rats of both sexes. The hepatoprotective activity of CDAE may be attributable to its antioxidant activity, which could be involved in Keap1-Nrf2-mediated antioxidant regulation.
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Core tip: This study is the first to systematically investigate the antioxidant activity of Cortex Dictamni aqueous extract (CDAE) in vitro, especially its anti-lipid perioxidation activity, which is important for physiological function and pathological processes. In traditional Chinese medicine, Cortex Dictamni has been used to treat hepatic disease, but has lacked sufficient support and research. Therefore, to the best of our knowledge, our study is the first to demonstrate the effects of CDAE in CCl4-induced hepatic injury in rats.
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INTRODUCTION
Liver is a critical organ in the human body that is responsible for the detoxification of exogenous and endogenous compounds. Hepatic injury can be caused by toxic chemicals, drugs, and viral infiltration via ingestion or infection[1,2]. Notably, synthetic drugs used to treat hepatic injury have limited therapeutic effects and are sometimes associated with adverse effects[3]. Therefore, it is necessary to explore alternative treatments for hepatic injury.

Acute liver injury is common and can be easily triggered by various toxicants[4]. Carbon tetrachloride (CCl4), a well-known environmental biohazard, has been widely used for the experimental induction of acute liver injury. CCl4 primarily accumulates in hepatic parenchymal cells and is catalysed by the phase I metabolic enzyme cytochrome P450 2E1 (CYP2E1) to produce unstable free trichloromethyl radicals (CCl▪ 3). These radicals then react with oxygen to form trichloromethyl-peroxyl (CCl3O▪ 2) radicals and reactive oxygen species (ROS)[5]. Hepatocytes contain an antioxidant system that helps the liver eliminate excessive ROS. However, once a burst of ROS formation occurs, ROS accumulation facilitates oxidative stress. Excessive ROS are capable of binding to proteins or lipids, inducing lipid peroxidation and oxidative damage[6,7]. Therefore, antioxidant compounds are believed to ameliorate oxidative stress during CCl4-induced acute liver injury[6].
The genus Dictamnus includes approximately 5 species, which are distributed across Europe and Asia. Of these, Dictamnus dasycarpus Turcz, whose root bark (Cortex Dictamni) has been used in Chinese folk medicine to treat jaundice, chronic hepatitis, cough, rheumatism and some skin diseases[8-10], is widely distributed throughtout China[11]. Limonoids, furoquinoline alkaloids, and flavonoids isolated from Cortex Dictamni have proven to be antioxidants[12,13]. A recent study of in vitro antioxidant capacity found that Cortex Dictamni acetone extract is a good scavenger of free radicals[14]. Additionally, our previous in vivo study showed that Cortex Dictamni aqueous extract (CDAE) can inhibit lipid peroxidation by increasing antioxidant enzyme activity in ApoE-/- mice and in myocardial ischemia-reperfusion rats[15,16]. Based on these findings, we hypothesized that CDAE may exhibit antioxidant properties in vitro. Therefore, in the present study, the antioxidant effect of CDAE was systematically evaluated in vitro, including its radical-scavenging activity and anti-lipid peroxidation activity.
In recent years, many studies have reported that traditional herbal medicines and their extracts effectively inhibit hepatic pathologies[17]. CDAE has also been demonstrated to improve the hepatic injury induced by delayed-type hypersensitivity by inhibiting the immune response[18]. Moreover, Cortex Dictamni ethanol extract protects mice from hepatic fibrosis[19]. However, the protective effect of CDAE against CCl4-induced hepatotoxicity in rats has yet to be addressed.
Hence, the present study aimed to systematically evaluate the antioxidant activity of CDAE in vitro, including its radical-scavenging activity and anti-lipid peroxidation activity, and to investigate the hepatoprotective effect of CDAE, as well as its mechanism, on CCl4-induced acute liver injury in rats.

MATERIALS AND METHODS
Chemicals and reagents
α,α-Diphenyl-β-picrylhydrazyl (DPPH), 2,2′-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), thiobarbituric acid (TBA), ascorbic acid (Vc), and β-carotene were purchased from Sigma–Aldrich (St. Louis, MO, United States). Linoleic acid was purchased from Alfa Aesar (Ward Hill, MA, United States). Butylated hydroxyltoluene (BHT), potassium ferricyanide, and trichloroacetic acid were obtained from the National Medicine Group Chemical Reagent Co., LTD (Beijing, China). The kits for determination of glutamate-pyruvic transaminase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP), total protein (TP), and albumin (ALB) were purchased from Beckman (Atlanta, GA, United States). The kits for determination of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px), glutathione (GSH), malondialdehyde (MDA), and total bilirubin (TBIL) were obtained from Nanjing Jiancheng Institute of Biological Engineering (Nanjing, China). Nuclear factor E2-related factor (Nrf2) and heme oxygenase-1 (HO-1) antibodies were obtained from Abcam (Cambridge, MA, United States). NAD(P)H quinine oxidoreductase 1 (NQO1), γ-glutamylcysteine synthetase (γ-GCSc), and cytochrome P450 2E1 (CYP2E1) antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX, United States).
Plant material and extraction
The Chinese herb Bai-Xian-Pi was purchased from Beijing Qiancao Chinese Herbal Pieces Co., Ltd (Beijing, China) and identified by Prof. Zhongmei Zou (Pharmacology and Toxicology Research Center, Institute of Medicinal Plant Development, Chinese Academy of Medical Sciences & Peking Union Medical College) as Dictamnus dasycarpus Turcz. A voucher specimen (No. 010001850001) was deposited in the National Compound Bank of Traditional Chinese Medicines of the Institute of Medicinal Plant Development, Chinese Academy of Medical Sciences, Beijing. 
Standardized aqueous extract was prepared as previously reported[20]. Briefly, 5 kg of Cortex Dictamni decoction pieces were boiled in 50 L of distilled water under reflux for 2 h. The decoction was then filtered and the filtrates were concentrated using a vacuum evaporator. The concentrated solution was lyophilized under reduced pressure. The yield of this extract was approximately 19% (w/w). The dried residue was stored at 4℃ and was dissolved in distilled water at the time of use,.
UPLC analysis of Cortex Dictamni aqueous extract

UPLC analysis was performed on a Waters AcquityTM Ultra Performance LC system (Waters Corporation, Milford, MA, USA) equipped with a Waters HSS T3TM (150 mm × 2.1 mm, 1.8 μm) column. The method and chromatographic condition were as described previously[20]. Stock solutions of three reference substances (dictamnine, obacunone and fraxinellone) were prepared at 2 mg/mL in methanol. CDAE (200 mg) was dissolved in 10 mL of deionized water and extracted three times with water-saturated butanol. The filtrates were then combined and concentrated under vacuum. The final extract was dissolved in 5 mL of methanol and filtered through a 0.22-µm syringe filter before use. Finally, 2 µL of the resulting solutions were injected into the LC instrument for UPLC analysis.

The mobile phase with a flow rate of 0.3 mL/min consisted of aqueous with 0.1% formic acid (A) and acetonitrile (B). The following solvent gradient system was used: 1% B from 0 to 2 min, 1–16% B from 2 to 8 min, 16% B from 8 to 12 min, 16–28% B from 12 min to 20 min, 28–50% B from 20 min to 25 min, and 50–99% B from 25 min to 30 min. The re-equilibration duration was 5 min between individual runs. All of the samples were kept at 4(C during the analysis.
Determination of total alkaloid compound, limonoid compound and flavonoid compounds
Total alkaloid, limonoid and flavonoid compounds were determined according to previously described methods[21-23].
In vitro antioxidant activity

Free radical scavenging activity: Free radical scavenging activity was determined by DPPH radical scavenging[24,25], ABTS radical scavenging[26,27], and β-Carotene bleaching[28] assays.
Total antioxidant activity: Total antioxidant activity was measured using reducing power[29] and ferric reducing antioxidant power assay (FRAP) assays according to Jessica Nilsson’s methods[30].
Anti-lipid peroxidation activity: Anti-lipid peroxidation activity was assessed with a linoleic acid system using the ferric thiocyanate (FTC)[31] and thiobarbituric acid (TBA) assays[32].
In vivo hepatoprotective and antioxidant activity

Test animals: Adult male SD rats (150 ± 10 g) and female SD rats (130 ± 10 g), 5 wk of age, were obtained from Beijing Vital River Laboratory Animal Technology Co. Ltd. These rats were kept at the Institute of Medicinal Plant Development’s animal room for 5 d prior to oral administration to allow for their acclimatization to the laboratory conditions. The animal room was ventilated with a 12-h cycle of day and night light conditions and the temperature was maintained at approximately 25 °C. The animals were fed with standard rodent pellet diet and water ad libitum. All interventions and animal care procedures were performed in accordance with the Guidelines and Policies for Animal Surgery provided by our institute (Chinese Academy of Medical Sciences & Peking Union Medical College, Beijing, China) and were approved by the Institutional Animal Use and Care Committee.
CCl4-induced oxidative toxicity and drug administration
The rats were randomly divided into the following 7 groups, each containing 6 male and 6 female animals, based on their body weight: (1) Group I (control group): distilled water (1 mL/kg body weight, p.o.) daily for 7 d and olive oil (2 mL/kg body weight, i.p.) on days 2 and 5; (2) Group II (CDAE control group): CDAE (320 mg/kg body weight, p.o.) daily for 7 d and olive oil (2 mL/kg body weight, i.p.) on days 2 and 5; (3) Group III (CCl4 control group): distilled water (1 mL/kg bodyweight, p.o.) for 7 d and a 1:1 mixture of CCl4 and olive oil (2 mL/kg bodyweight, i.p.) on days 2 and 5; (4) Group IV (positive control): silymarin (100 mg/kg body weight, p.o.) daily for 7 days and a 1:1 mixture of CCl4 and olive oil (2 mL/kg bodyweight, i.p.) on days 2 and 5; and (5) Groups V, VI and VII (test groups): CDAE (80, 160, and 320 mg/kg body weight, respectively, p.o.) for 7 d and a 1:1 mixture of CCl4 and olive oil (2 mL/kg bodyweight, i.p.) on days 2 and 5.
According to the 2015 Chinese Pharmacopoeia, the maximum daily intake of Cortex Dictamni is 6-10 g/kg per day in human[33]. Clinical application of the Cortex Dictamni complex prescription at a therapeutic dose of 10-15 g/kg per day has been suggested[34]. Assuming that the weight of an adult is 60 kg and that our extraction yield of CDAE is 19% w/w, the 1× human equivalent dose (10 g/kg per day) of CDAE is 160 mg/kg for rats. Doses of 80 and 320 mg/kg of CDAE, which equate to 1/2× and 2× the human equivalent doses, respectively, were also used in this study.
Blood and tissue samples
At the end of the experiment, the animals were anaesthetized by inhalation of ethyl ether. Blood was collected and allowed to clot. Serum was separated for the assessment of enzyme activity. The weights of the livers were assessed soon after the animals were sacrificed. The liver index, which was used to evaluation of hepatomegaly, was expressed as follows: (liver weight/body weight) × 100%. Liver samples were dissected, and subsequently transferred into 10% buffer formalin for histopathological investigation and immunohistochemical determination and then stored in a refrigerator for biochemical index determination and Western blotting.
Measurement of serum biochemical markers
Serum biochemical markers, including glutamate-pyruvic transaminase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP) were measured using a standard commercial kit provided by Beckman Coulter (Atlanta, GA, United States) and an automatic biochemical analyzer (Beckman Coulter). Serum total bilirubin (TBIL) was measured using a commercial kit obtained from Nanjing Jiancheng Institute of Biological Engineering (Nanjing, China).
Histopathological examination

A portion of the left lobe of the liver was preserved in 10% buffer formalin for at least 24 h and then processed and embedded in paraffin according to the standard protocol. Sections were cut into 5 μm thick portions, transferred onto glass slides, and stained with haematoxylin and eosin (H&E) for histopathological examination.
Measurement of antioxidant markers and lipid peroxidation production in liver tissue
Liver homogenates (10%, w/v) were prepared in ice-cold physiological saline, and the suspension was centrifuged at 2500 rpm for 10 min at 4°C. The protein content of the homogenates was determined using a standard commercial kit provided by the Nanjing Jiancheng Institute of Biological Engineering (Nanjing, China). The clear supernatant was used for the determination of antioxidant markers, including superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px), and glutathione (GSH), as well as lipid peroxidation production of malondialdehyde (MDA). Assays were conducted using the kits obtained from Jiancheng Institute of Biotechnology (Nanjing, China) according to the protocol of the manufacturer and the results are expressed in mg per g protein.
Immunohistochemistry

For immunohistochemistry, deparaffinized sections were immersed in a vessel containing 0.01 mol/L citrate (pH = 6.0) and microwaved for 15 min, followed by incubation with 3% H2O2 for 30 min. Goat serum was used to block nonspecific protein binding for 30 min. The sections were then incubated overnight at 4℃ with primary antibodies (rabbit anti-CYP2E1) diluted 1:100, followed by incubation with horseradish peroxidase-conjugated goat anti-rabbit IgG. The sections were then washed 3 times with PBS, color-developed using DAB, and subsequently counterstained with hematoxylin. Images were obtained via digital imaging light microscopy (Olympus, Japan). Positive staining was analyzed using ImagePro Plus 6.0 software.
Western blotting for Nrf2, HO-1, NQO1 and γ-GCSc
Total soluble protein was homogenized and extracted from the liver tissues using extraction buffer supplemented with 1 mM PMSF. The homogenates were centrifuged at 15000 g for 15 min at 4 ℃ and the supernatant was collected. Nuclear soluble protein was homogenized and extracted using a standard commercial kit provided by ComWin Biotech (Beijing, China). After protein quantitation, equal amounts of protein were separated via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes (Pall, Ann Arbor, MI). The membranes were blocked with 5% non-fat dry milk and incubated overnight at 4 ℃ with the corresponding primary antibodies. After 3 washes in TBST, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies at a 1:5000 dilution for 2 h at room temperature. The signals were detected using an electrochemiluminescence (ECL) system. The relative intensities of the bands were quantified using AlphaEaseFCTM software. β–actin was used as an internal standard.
Statistical analysis

Values are expressed as the mean ± SD and were analyzed via one-way analysis of variance (ANOVA) followed by the LSD Method and the Dunnett’C Method, using SPSS 18.0 software. Statistical significance was set at P < 0.05.

RESULTS
UPLC analysis

CDAE was analyzed using UPLC and matched by the Similarity Evaluation System for Chromatographic Fingerprint of Traditional Chinese Medicine (Version 2004A). Dictamnine, obacunone, and fraxinellone are active compounds and quality control markers of Cortex Dictamnus[33]. The components were identified as dictamnine (peak 1), obacunone (peak 2), and fraxinellone (peak 3) by comparing the retention times of standard substances, which are shown in Figure 1. The amounts of dictamnine, obacunone, and fraxinellone in CDAE were 0.011%, 0.073%, and 0.003%, respectively.
Total alkaloid, limonoid, and flavonoid compounds

Alkaloids, limonoids and flavonoids isolated from Cortex Dictamni are thought to be the biologically active agents [12,13]. The total amounts of alkaloid, limonoid, and flavonoid compounds in CDAE were measured in this study. The amounts of total alkaloid (dictamnine equivalents), limonoid (obacunone equivalents), and flavonoid (quercetin equivalents) compounds from CDAE were 36.79 ± 2.23, 145.868 ± 10.72, and 79.23 ± 2.60 mg/g extract, respectively.
In vitro antioxidant activity

DPPH and ABTS free radical scavenging activity: DPPH and ABTS are synthetic radicals that are used to evaluate the free radical scavenging activity of herbal medicines. The antioxidant activity of CDAE was determined based on its capacity to scavenge DPPH and ABTS radicals (Figure 2A and B). CDAE scavenged DPPH and ABTS radicals in a concentration-dependent manner. Vc showed the highest scavenging activity, while the DPPH radical scavenging activity of CDAE was equal to BHT at 1 mg/mL.
β-Carotene bleaching assay: The β-carotene bleaching assay is based on the discoloration of β-carotene, owing to its reaction with linoleic acid-generated free radicals[35]. By means of scavenging these free radicals, antioxidants can suppress β-carotene bleaching. In the control group, the color decreased rapidly over time, but decrased much more slowly in the presence of CDAE and BHT (Figure 2C), indicating that CDAE and BHT possess free radical scavenging activity. Compared with the control treatment, CDAE scavenged free radicals and inhibited lipid peroxidation (40.6% ± 5.2%) significantly better than Vc (7.9% ± 3.0%).
Reducing power and FRAP assays: The reducing power assay indirectly assesses total antioxidant capacity, while the FRAP assay directly assesses total antioxidant capacity. The absorbance of CDAE in both assays increased with increasing concentration, but did not differ substantially from Vc and BHT (Figure 2D and E). 
Antioxidant activity in a linoleic acid system using the FTC and TBA assays: The FTC and TBA methods were used to evaluate anti-lipid peroxidation activity in a linoleic acid system. In the FTC assay, the absorbance of the control group increased over time and peaked on day 6 (Figure 2F). BHT showed a high capacity to inhibit linoleic acid peroxidation, whereas CDAE exhibited comparable activity with Vc. In the TBA assay, the absorbance values obtained for BHT, CDAE, and Vc were significantly lower than those obtained for the control (P < 0.01) (Figure 2G). The inhibition rates of BHT, Vc, and CDAE were 97.6% ± 0.1%, 46.8% ± 2.0%, and 43.3% ± 0.4%, respectively. Thus, CDAE and Vc exhibited comparable anti-lipid peroxidation activities.
In vivo hepatoprotective and antioxidant activity

Effect of CDAE on histopathological changes in the liver in CCl4-induced liver-damaged rats: The liver tissues of the control group (I) were normal (Figure 3A and B). In addition, compared with the control treatment, after CDAE treatment, no major abnormalities were found in the liver tissues (320 mg/kg). Liver adhesion (Figure 3A) and hepatomegaly (Figure 3B) were observed after CCl4 administration, which was attenuated after CDAE treatment.
Based on the histopathological observations of the liver sections, the control group exhibited normal cellular architecture, with distinct hepatocytes and no histological abnormalities (Figure 3C). However, CCl4 administration caused hepatocyte fat deposition, massive fatty changes, hepatocyte necrosis and hepatocyte swelling, vacuole formation and loss of cellular boundaries, especially in the centrilobular area. After CDAE treatment, the histological features of hepatocytes were restored to some extent. High dose of CDAE (320 mg/kg) yielded more effective rescue, almost comparable to the normal control group.
Effect of CDAE on the liver index of CCl4-induced liver-damaged rats: Hepatic biotransformation systems and, consequently, drug toxicity measurements, display well-known sex differences[36,37]. Therefore, to investigate the hepatoprotective and antioxidant activity of CDAE, we separated both sexes of rats during the analysis. Treating normal rats with a high dose of CDAE (320 mg/kg) did not affect the liver index in either sex compared with that in the control group (I) (Figure 4A), indicating that high doses of CDAE may have no liver toxicity in rats of both sexes. Compared with the control treatment, after CCl4 administration, the liver index significantly increased in rats of both sexes (P < 0.05), indicating serious hepatomegaly that was markedly suppressed by a high dose of CDAE (320 mg/kg)(P < 0.05), consistent with the liver histopathological observations.
Effect of CDAE on hepatic markers in CCl4-induced liver-damaged rats: ALT, AST, and ALP are liver enzyme markers, and elevated levels of these markers in serum indicate the loss of hepatocyte structural integrity and liver injury. Similarly, TBIL is an index of normal hepatic metabolism. As shown in Figure 4B-E, no marked changes of AST, ALT, ALP, and TBIL levels were detected in normal rats of either sex treated with a high dose of CDAE (320 mg/kg), which confirmed the safety of CDAE, at least in a dose range below 320 mg/kg. Compared with their levels in the control group (I), AST, ALT, ALP, and TBIL levels were significantly increased in male rats in the CCl4 group (III) (P < 0.05 or P < 0.001) and female rats in the CCl4 group (III) (P < 0.05, P < 0.01 or P < 0.001). However, CDAE treatment markedly decreased the CCl4-induced AST, ALT, ALP, and TBIL release into serum in male rats in a dose-dependent manner, similar to silymarin treatment. In female rats, the serum levels of these markers were also significantly inhibited after CDAE treatment in a dose-dependent manner. These results indicated a marked protective effect of CDAE on CCl4-induced liver injury in rats of both sexes.
Effect of CDAE on antioxidant markers and lipid peroxidation production in the liver in CCl4-induced liver-damaged rats: To evaluate the protective effect of CDAE against oxidative stress and lipid peroxidation, SOD activity, CAT activity, GSH-Px activity, GSH content, and MDA content were measured in liver homogenates (Figure 5). In male rats, CCl4 treatment significantly decreased SOD activity, CAT activity, GSH-Px activity, and GSH content (P < 0.05 or P < 0.001) but significantly increased MDA content (P < 0.05) compared with that in the normal control group (I). The middle and high doses of CDAE (160 and 320 mg/kg) significantly inhibited the CCl4-induced decrease in SOD activity (P < 0.05), CAT activity (P < 0.05), GSH-Px activity (P < 0.05 or P < 0.01), and GSH content (P < 0.001). Moreover, the high dose of CDAE (320 mg/kg) significantly suppressed the formation of MDA (P < 0.05) induced by CCl4 treatment. In female rats, CCl4 treatment similarly induced a significant decrease in SOD activity, CAT activity, GSH-Px activity, and GSH content (P < 0.001) but induced an increase of MDA content (P < 0.05), which were markedly inhibited by CDAE in a dose-dependent manner. Taken together, CDAE significantly increased enzyme antioxidant activity and non-enzyme antioxidant content in rats of both sexes, which contributed to the inhibition of lipid peroxidation.
Effect of CDAE on Nrf2, HO-1, NQO1, and γ-GCSc protein expression in CCl4-induced liver-damaged rats: Nrf2 is an essential transcription factor that contributes to drug detoxification and antioxidant mechanisms. To assess the effect of CDAE on Nrf2 regulation, Nrf2 protein levels were measured in nuclear extracts. First, we investigated potential sex differences in Nrf2 protein expression. Figure 6A shows that Nrf2 protein levels were in male and female rats in both the control and CCl4 groups. Moreover, we examined the protein level of HO-1, which participates in antioxidant defence mechanisms and whose expression is mediated by Nrf2. Similar to Nrf2 protein expression, no significant differences in HO-1 protein expression were detected between male and female rats in both the control and CCl4 groups, consistent with the antioxidant markers (Figure 5). Based on these results, we further investigated the effect of CDAE on Nrf2 protein expression and its antioxidant proteins. 
As shown in Figure 6B, CCl4 treatment increased relative Nrf2 protein levels in nuclear extracts but with no significant differences compared with the control group (I). However, CDAE treatment (160 and 320 mg/kg) significantly enhanced Nrf2 protein expression by 2.61- and 5.57-fold compared with that in the CCl4 group (P < 0.01 and P < 0.001). Similarly, CDAE treatment (160 and 320 mg/kg) significantly increased the relative HO-1 (P < 0.001 and P < 0.001) and γ-GCSc (P < 0.01 and P < 0.001) protein expression compared with that in the CCl4 group (III). Relative NQO1 protein expression significantly increased after CDAE treatment in a dose-dependent manner (P < 0.01 and P < 0.001). These results indicated that CDAE protects the liver from CCl4-induced oxidative damage by regulating Nrf2-mediated antioxidant protein expression.
Effect of CDAE on CYP2E1 expression in CCl4-induced liver-damaged rats: CYP2E1 is one of the most potent microsome cytochromes to generate ROS and is a major isozyme for the biotransformation of CCl4[7,38]. Immunohistochemical analysis revealed increased CYP2E1 expression after CCl4 administration, especially in the centrilobular area (Figure 7). CDAE treatment (160 and 320 mg/kg) significantly decreased the CYP2E1 expression by 0.71- and 0.72-fold compared with that in the CCl4 group (III) (P < 0.01), indicating that CDAE inhibited CYP2E1 expression and the subsequent biotransformation of CCl4.
DISCUSSION

Oxidative stress, which induces hepatocyte dysfunction, contributes to the pathogenesis of acute liver diseases. Herbs and their active compounds with antioxidant activity have attracted considerable interest as a source for the development of liver-curing drugs[39]. In the present study, the antioxidant activity of CDAE was investigated by assessing total antioxidant activity, radical scavenging activity, and the inhibition of lipid peroxidation in vitro. The hepatoprotective effects were evaluated in vivo using CCl4-induced rats.

The DPPH and ABTS free radical scavenging assays, as well as the β-carotene bleaching assay, are often used to evaluate the free-radical-scavenging activity of pure compounds or crude plant extracts[40]. The reducing power and FRAP assays are often used for routine analyses of the total antioxidant activity of plant extracts[41,42]. In our study, CDAE exhibited an obvious radical scavenging and antioxidant activity in a dose-dependent manner. Excessive reactive radicals promote lipid peroxidation, which is considered to be an important mechanism in the pathogenesis of cell damage[43]. Therefore, it is important to investigate the inhibition of lipid peroxidation in vitro. Linoleic acid, a polyunsaturated fatty acid, is one of the primary fatty acids in the membrane that is easily oxidized via dehydrogenation[44]. During dehydrogenation, the formation of linoleic acid radicals in turn initiates lipid peroxidation. The in vitro linoleic acid test system, including the FTC and TBA assays, is widely used to evaluate the inhibition of lipid peroxidation. The FTC method is widely used to determine the amount of peroxide at the initial stage of lipid peroxidation[45]. During the acid-heat treatment in the FTC method, lipid peroxides decompose to MDA, which can react with TBA to produce a red complex that can be measured by its absorbance[46]. In the present study, CDAE inhibited lipid peroxidation even better than vitamin C. Taken together, the results of the in vitro antioxidant study indicated that CDAE showed good antioxidant activity and inhibition of lipid peroxidation, which may be attributable to its direct function in scavenging free radicals. Alkaloids, limonoids and flavonoids isolated from Cortex Dictamni have been identified as potential antioxidants[12,13]. All three types of compounds were found in CDAE in the present study, of which the amount of limonoids was 145.868 ± 10.72 mg/g extract, indicating that limonoids are the main component of CDAE and may be the contributing factor to its good antioxidant activity. However, the exact chemical components that determine the antioxidant effect of CDAE require further exploration.
  Our in vitro antioxidant study and previous evidence[15,16] suggest that CDAE may exert a protective effect against reactive free radical-induced oxidative stress injury diseases. CCl4 is conventionally used to induce liver toxicity and oxidative stress injury in vivo, followed by the testing of plant-based drugs for their liver protective properties[47]. Although CCl4-induced liver damage is rare, the same pathogenic factors underlying CCl4-induced oxidative stress exist in other liver diseases, such as virus- and medicine-induced liver injury. In CCl4-induced toxicity, CCl4 primarily accumulates in hepatic parenchymal cells and is metabolized by the phase I metabolic enzyme CYP2E1 to produce free radicals, which are capable of binding to proteins or lipids, and subsequently initiate oxidative stress injury, lipid peroxidation, and the loss of hepatocyte structural integrity[5], resulting in hepatocytes necrosis, vacuole formation and loss of cellular boundaries, especially in the centrilobular area. Elevated serum ALT, AST, ALP, and TBIL levels are also indicative of cellular leakage[48,49]. 

Current evidence reveals that herbal products may have safety problems and cause liver injury. To evaluate the safety of CDAE, a previous study investigated its acute and sub-chronic toxicity, yielding an LD50 of 48.2 g/kg, which is more than 150-fold higher than the high dosage used in the present study[20]. Furthermore, to confirm the safety of CDAE, the high dose of CDAE was administered to normal rats in the present study, and the results showed that normal rats treated with the high dose of CDAE did not exhibit hepatotoxicity. Consequently, we further investigated the hepatoprotective effect of CDAE on CCl4-induced liver injury. 

Sex differences have been observed in hepatic biotransformation systems and, consequently, in drug toxicity[36,37]. To investigate the hepatoprotective effect of CDAE, we separated male and female rats in our data analysis. CDAE treatment effectively protected rats of both sexes against CCl4-induced liver damage by reducing elevated serum ALT, AST and ALP activities, as well as liver pathological changes. Similarly, the stabilization of serum TBIL levels upon CDAE administration also indicated improvement in the functional status of the hepatic cells. These results indicated that CDAE can protect against CCl4-induced liver damage.

Biological systems protect themselves against the damaging effects of activated species by several methods, including free radical scavengers and chain reaction terminators, such as SOD, CAT, and GSH-Px [50]. SOD catalyses the dismutation of superoxide anion (▪O- 2) into O2 and hydrogen peroxide (H2O2), which can be reduced to H2O by GSH-Px in the cytosol or by CAT in peroxisomes. SOD, CAT, and GSH-Px are easily induced by oxidative stress, and the activity levels of these enzymes have been used to quantify oxidative stress in cells[51]. As a non-enzymatic antioxidant, GSH becomes depleted in response to oxidative stress and subsequently enhances the peroxidation process[52]. In the present study, CDAE markedly elevated SOD, CAT, and GSH-Px activity and GSH levels to different extents in injured livers in CCl4-induced liver-injury rats of both sexes.

ROS are known to attack polyunsaturated fatty acids in cell membranes. In CCl4-induced hepatotoxicity, ROS produced by CCl4 metabolism cause lipid peroxidation in the cell membrane. MDA is a lipid peroxidation product that has been used as a biomarker of lipid peroxidation[53]. In the present study, CDAE markedly inhibited the increase in MDA levels to different extents in CCl4-induced liver-injury rats of both sexes, indicating that the hepatoprotective effect of CDAE may be associated with the inhibition of lipid peroxidation, consistent with the in vitro linoleic acid assay.

The centrilobular zone contains abundant CYP2E1, an enzyme responsible for generating trichloromethyl peroxy radicals, which trigger hepatocellular damage by covalent binding. Numerous studies have used CCl4 to induce liver injury because it is mainly metabolized into highly reactive trichloromethyl free radicals by CYP2E1[54], which subsequently induces oxidative stress and liver injury. Our study demonstrated that CDAE was effective in protecting the liver from CYP2E1 overexpression. CYP2E1 induction has been shown to occur via the inhibition of CYP2E1 protein degradation[55,56], which contributes to CYP2E1 overexpression. Therefore, the mechanism by which CDAE mediates CYP2E1 protein overexpression merits further exploration.

Oxidative stress is caused by highly reactive metabolites and is mediated by the Nrf2 pathway in CCl4-induced hepatic injury. Nrf2 is a transcription factor that regulates the expression of antioxidant phase II detoxifying enzymes by activating the antioxidant-reactive element (ARE). Nrf2 is located in both the cytoplasm and the nucleus. Only when Nrf2 accumulates in the nucleus after dissociation from Keap 1 in the cytoplasm does it recognize and binds to AREs on antioxidant genes[57], which subsequently increases the expression of phase II detoxifying enzymes, including HO-1, NQO1, and γ-GCSc. In the present study, CDAE treatment markedly augmented Nrf2 levels in the nucleus. HO-1 is the rate-limiting enzyme in the catabolism of heme into billiverdin, which is a potent antioxidant. NQO1 is a highly inducible enzyme with superoxide-scavenging properties[58]. Furthermore, γ-GCSc participates in de novo GSH synthesis[59]. GSH replenishment is followed by the recovery of cellular redox status, with decreased oxidative stress in γ-GCSc-overexpressing cells. In the present study, CDAE treatment augmented HO-1, NQO1, and γ-GCSc expression levels, indicating that CDAE might protect against CCl4-induced hepatic injury regulating the Keap1-Nrf2 antioxidant pathway (Figure 8). The PI3K-PKB/Akt-GSK-3 pathway has been shown to regulate Nrf2[60,61]. In particular, Nrf2 is repressed by the GSK-3/β-TrCP axis. Therefore, further work is required to identify the regulatory effect of CDAE on factors upstream of Nrf2 and related antioxidant proteins.

In summary, the present study demonstrated that CDAE exhibits marked antioxidant activity, including free radical scavenging activity and the inhibition of lipid peroxidation, in vitro and in vivo. Moreover, CDAE effectively prevented CCl4-induced hepatic damage. This effect may be attributable to its antioxidant activity, which is regulated by Keap1-Nrf2.
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Background

The liver is a vital organ in the body that is responsible for the maintenance of metabolic functions and the detoxification of exogenous and endogenous compounds. Hepatic injury can be caused by toxic chemicals, drugs, and viral infiltration via ingestion or infection. However, synthetic drugs used to treat hepatic injury are sometimes associated with adverse effects. Therefore, it is necessary to explore alternative treatments for hepatic injury. 

Research frontiers

This study is the first to show the inhibition of lipid peroxidation by Cortex Dictamni aqueous extract (CDAE) using a linoleic acid system in vitro.

Innovations and breakthroughs

From the perspective of inhibiting oxidative stress, in vivo experiments were conducted to study the protective effects of CDAE on CCl4-induced hepatic injury.
Applications

This study suggested that CDAE has strong antioxidant activity and may be a potential treatment for hepatic injury.
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Figure 1 UPLC Chromatograms of the standard and a Cortex Dictamni aqueous extract sample. 1: dictamnine; 2: obacunone; 3: fraxinellon.
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Figure 2 Antioxidant activity of Cortex Dictamni aqueous extract in vitro. A: DPPH radical scavenging assay; B: ABTS radical scavenging assay; C: β-Carotene bleaching assay; D: Reducing power; E: FRAP assay; F: FTC assay; G: TBA assay. Vc: Ascorbic acid; BHT: Butylated hydroxytoluene; CDAE: Cortex Dictamni aqueous extract. Statistically significant differences are indicated with asterisks. bP < 0.01, vs the control group. 
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Figure 3 Effect of Cortex Dictamni aqueous extract on histopathological changes in the liver in CCl4-induced liver-damage rats. A: Liver adhesion; B: Hepatomegaly; C: Liver section. Vacuole formation is marked with a long arrow. Group I: Control; Group II: Control+CDAE 320 mg/kg; Group III: CCl4; Group IV: CCl4+Silymarin 100 mg/kg; Group V: CCl4+CDAE 80 mg/kg; Group VI: CCl4+CDAE 160 mg/kg; Group VII: CCl4+CDAE 320 mg/kg. CDAE: Cortex Dictamni aqueous extract.
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Figure 4 Effect of Cortex Dictamni aqueous extract on liver index and hepatic markers in CCl4-induced liver damaged rats. A: Liver index; B: AST, aspartate aminotransferase; C: ALT, glutamate pyruvate transaminase; D: ALP, alkaline phosphatase; E: TBIL, total bilirubin. The values represent the mean ± SD, with n = 6 animals in each sex group. Statistically significant differences are indicated with asterisks. aP < 0.05, bP < 0.01, vs the control group; cP < 0.05, dP < 0.01, vs the CCl4 group. Group I: Control; Group II: Control+CDAE 320 mg/kg; Group III: CCl4; Group IV: CCl4+Silymarin 100 mg/kg; Group V: CCl4+CDAE 80 mg/kg; Group VI: CCl4+CDAE 160 mg/kg; Group VII: CCl4+CDAE 320 mg/kg. CDAE: Cortex Dictamni aqueous extract.
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Figure 5 Effect of Cortex Dictamni aqueous extract on antioxidant markers and lipid peroxidation in the liver in CCl4-induced liver-damage rats. A: superoxide dismutase (SOD); B: catalase (CAT); C: glutathione peroxidase (GSH-Px); D: glutathione (GSH); E: malondialdehyde (MDA). The values represent the mean ± SD with n = 6 animals in each sex group. Statistically significant differences are indicated with asterisks. aP < 0.05, bP < 0.01 vs the control group; cP < 0.05, dP < 0.01, vs CCl4 group. Group I: Control; Group II: Control+CDAE 320 mg/kg; Group III: CCl4; Group IV: CCl4+Silymarin 100 mg/kg; Group V: CCl4+CDAE 80 mg/kg; Group VI: CCl4+CDAE 160 mg/kg; Group VII: CCl4+CDAE 320 mg/kg. CDAE: Cortex Dictamni aqueous extract.
[image: image6.png]N-Nrf2
HO-1
B-actin

N-Nrf2
HO-1
NQO1
\-GCSc
B-actin

S — —|

A€ pemal® ke coale

200

3

100

Proteins Relative Expression
(of Control-male, %)
8

1200-

g

(of Control, %)
H

Proteins Relative Expression

€3 N-Nrf2
EE HO-1

EB NP2
B8 HO-1
B Neot

THMVVIVE IV VIVE [V VIVE IOV ViV




Figure 6 Effect of CDAE on N-Nrf2, HO-1, NQO1 and γ-GCSc protein expression in CCl4-induced liver-damage rats. A: N-Nrf2 and HO-1 protein expression in the Control (I) and CCl4 groups (III) between male and female rats. B: N-Nrf2, HO-1, NQO1 and γ-GCSc protein expression. The values represent the mean ± SD. Statistically significant differences are indicated with asterisks. bP < 0.01 vs the CCl4 group. Group I: Control; Group II: Control+CDAE 320 mg/kg; Group III: CCl4; Group V: CCl4+CDAE 80 mg/kg; Group VI: CCl4+CDAE 160 mg/kg; Group VII: CCl4+ CDAE 320 mg/kg. CDAE: Cortex Dictamni aqueous extract.
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Figure 7 Effect of Cortex Dictamni aqueous extract on CYP2E1 protein expression in CCl4-induced liver-damage rats. The values represent the mean ± SD. Statistically significant differences are indicated with asterisks. bP < 0.01, vs the CCl4 group. Group I: Control; Group II: Control+CDAE 320 mg/kg; Group III: CCl4; Group V: CCl4+CDAE 80 mg/kg; Group VI: CCl4+CDAE 160 mg/kg; Group VII: CCl4+CDAE 320 mg/kg. CDAE: Cortex Dictamni aqueous extract.
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Figure 8 Summary of the mechanism underlying Cortex Dictamni aqueous extract inhibition of CCl4-induced live damage. CCl4 accumulates in hepatic parenchymal cells and is metabolized by CYP2E1 to produce free radicals, including CCl▪ 3 and CCl3O▪ 2, which induce oxidative stress and oxidative injury. CDAE suppresses CCl4 metabolism by reducing CYP2E1 expression and subsequently inhibiting the production of free radicals. In addition, CDAE activates Nrf2-mediated antioxidants, including HO-1, NQO1, and γ-GCSc, which contribute to the scavenging of free radicals. CDAE: Cortex Dictamni aqueous extract.
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