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Background: Donation after circulatory death (DCD) livers are limited by mandatory warm ischemia and are more susceptible to ischemia‒reperfusion injury (IRI). Inflammation and oxidative stress play key roles in the development of hepatic IRI, and Rutaecarpine (Rut) has anti-inflammatory and anti-oxidative stress effects. The aim of this study was to investigate whether Rut can alleviate hepatic IRI in liver transplantation (LT) and to explore the underlying mechanisms.Methods: Rat DCD LT and oxygen-glucose deprivation/reoxygenation (OGD/R) cell models were established to clarify the effect of Rut on hepatic IRI. The key molecules involved in the hepatoprotective effects of Rut were identified through joint analysis of data from LT patients and drug targets. The target was further validated by in silico, in vivo and in vitro experiments.Results: Rut significantly alleviated liver dysfunction, pathological injury, and apoptosis and improved the survival rate of the rats subjected to LT. In addition, Rut significantly inhibited inflammatory response and oxidative stress. Rut also had similar effects on OGD/R-induced hepatocyte injury. Mechanistically, bioinformatics analysis and in vivo and in vitro experiments revealed that PDE4B may be a key target by which Rut exerts its protective effect, and molecular docking and cellular thermal shift assay confirmed this result. The function of PDE4B was studied via gene intervention technology, and the results showed that PDE4B can aggravate hepatic IRI. Furthermore, PDE4B overexpression abrogated the protective effect of Rut on the liver in LT.Conclusion: Rut alleviates hepatic IRI by targeting PDE4B to inhibit inflammation and oxidative stress. These findings highlight the potential of Rut as a drug candidate for the treatment of patients undergoing LT.Keywords: donation after circulatory death, liver transplantation, rutaecarpine, oxidative stress, inflammatory response
1 INTRODUCTION
Liver transplantation (LT) can bring new life to patients with end-stage liver disease, but only approximately 40% of patients on the waiting list have access to liver transplantation (LT) within 1 year, and 12% of candidates die due to organ shortages (Schwab et al., 2024). Donation after circulatory death (DCD) can mitigate the problem of organ shortages to some extent. However, because the DCD liver needs to experience fixed warm ischemia, it is extremely sensitive to IRI and has poor tolerance (Hashimoto, 2020; Meier et al., 2023). IRI will lead to primary nonfunction and early allograft dysfunction, which seriously affects the prognosis of patients (Masior and Grat, 2022; Zhai et al., 2013). Currently, the drugs and methods used for IRI have not yet achieved satisfactory results. Therefore, we still need to actively look for effective drugs or interventions.
Accumulating evidence suggests that traditional Chinese medicine monomers have great therapeutic potential in relieving hepatic IRI. We previously reported that wogonin relieves hepatic IRI through the inhibition of ferroptosis and that oridonin relieves hepatic IRI by inhibiting macrophage pyroptosis (Jia et al., 2024; Wu et al., 2024). However, owing to their high hydrophobicity, wogomin and oridonin have low solubilities and poor bioavailabilities (Yang et al., 2022; Zhang et al., 2020). Rutaecarpine (Rut) is a quinazolinocarboline alkaloid extracted from Evodia rutaecarpa, and Evodia rutaecarpa has been used to treat various inflammation-related diseases, including headache and gastrointestinal diseases (Kshirsagar, 2015). Although Rut is also rather hydrophobic, it has a high hepatic extraction ratio (Estari et al., 2021; Ko et al., 1994). As the most important active ingredient of Evodia rutaecarpa, Rut has strong anti-inflammatory effects. For example, cyclooxygenase-2 is a key determinant of inflammation, and Rut can act as a cyclooxygenase-2 inhibitor to relieve rat lambda-carrageenan-induced paw edema (Chun et al., 2024; Moon et al., 1999). In addition, Rut can relieve t-BHP-induced hepatotoxicity by activating the Nrf-2-mediated antioxidant system and relieve hypoxia-reoxygenation-induced myocardial cell apoptosis by the inhibition of the NADPH oxidase-ROS pathway (Bao et al., 2011; Jin et al., 2017). Although the pathogenesis of IRI is not fully understood, a large amount of evidence suggests that inflammation and oxidative stress are critical in the development of IRI (Dar et al., 2019). Therefore, Rut may be applicable for LT. Nevertheless, previous studies have not focused on this pathological process to explore the role of Rut.
In this study, we aimed to establish rat DCD LT and hepatocyte OGD/R models to clarify the function of Rut in hepatic IRI and explore the underlying mechanisms.
2 MATERIALS AND METHODS
2.1 Reagents used
Rut (CAS84-26-4) was purchased from Aladdin Reagent Co., Ltd (Shanghai, China), the specific antibody for IL-6 used in this study was purchased from Abcam (Cambridge, UK), and the specific antibody for phosphodiesterase 4B (PDE4B) was purchased from Novus Biologicals, Inc. The protein assay kit was purchased from Beyotime Biotechnology (Jiangsu, China). A hematoxylin and eosin (H&E) staining kit was provided by Solarbio (Beijing, China). Lipofectamine 3000 transfection reagent was purchased from Invitrogen Co., Ltd (California, United States). Malondialdehyde (MDA) and catalase (CAT) detection kits were purchased from Nanjing Jiancheng Bioengineering Institute (China, Jiangsu), and glutathione (GSH) and superoxide dismutase (SOD) detection kits were purchased from Servicebio Biotechnology (China, Hubei).
2.2 Animals
In this study, healthy Sprague‒Dawley (SD) rats (seven to eight weeks, 250–280 g) were used as experimental animals. All animals were bred under standard conditions and had free access to food and water. The animal experiments in this study were approved by the Animal Use and Ethics Committee of the Second Affiliated Hospital of Chongqing Medical University (IACUC-SAHCQMU-2023-0008). We performed the animal studies strictly according to the ARRIVE guidelines. We tried our best to relieve the pain and distress of the animals.
2.3 DCD rat LT model and drug injection
The DCD rat LT model was established according to our previous study (Jia et al., 2024; Liu et al., 2024). Briefly, DCD was simulated by inducing suffocation. The warm ischemia time was defined as the interval between the cessation of pulsatile blood pressure in the rat and the initiation of cold perfusion, with the duration controlled at 45 min. The infrahepatic inferior vena cava and the portal vein were anastomosed using cuff, and magnetic rings were used for suprahepatic inferior vena cava anastomosis. The anhepatic phase was strictly limited to 15 min, during which the portal vein will not be opened. All surgeries were completed under inhalation anesthesia.
The rats were randomly divided into six groups via the random number table method: the sham group, the Rut group, the LT group, and the LT + Rut (30 mg/kg, 60 mg/kg, 120 mg/kg) group. There were six rats in the sham group and Rut group and six pairs (12) of rats in each other group for the following experiments. An additional seven pairs (14 rats) were used in the LT and LT + Rut (60 mg/kg) groups to observe the 7-day survival rate. The corresponding doses of Rut were injected intraperitoneally into the recipients 30 min before surgery. To reduce potential bias, the administration of Rut or solvents to the rats was performed by a single person, and the surgeon was unaware of the grouping of the rats. Blood and liver samples were collected 6 h after reperfusion for subsequent detection.
2.4 Liver function tests
Blood samples were centrifuged to separate serum. The levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in the serum were measured via an automatic biochemical analyzer (Rayto, China).
2.5 OGD/R cell model and drug treatment
The rat hepatocytes (BRL-3A) used in this study were purchased from Procell Biological Co., Ltd (Hubei, China). The cells were incubated in DMEM/F12 medium (Gibco) containing 10% FBS (Gibco, United States) under 37°C in a 5% CO2 environment. The oxygen-glucose deprivation/reoxygenation (OGD/R) cell model was constructed as described previously (Jia et al., 2024). Briefly, the cells were first cultured in RPMI-1640 medium for 6 h in a three-gas incubator (1% O2, 5% CO2, 94% N2, 37°C) and then changed to DMEM/F12 medium and incubated in a normal incubator (5% CO2, 37°C) for 12 h. Rut was used to pretreat cells for examining its protective effect.
2.6 Detection of cell viability
Cell viability was determined via the CCK8 assay. The cells were seeded in 96-well plates. When the cells grew to an appropriate density, Rut was added for pretreatment, and then the cells were subjected to OGD/R. CCK8 reagent was added, the mixture was incubated for 3 h, and cell viability was measured by measuring the absorbance via a microplate reader.
2.7 Protein extraction and western blot
Protein extraction from cell and tissue samples was performed via RIPA lysis buffer. Proteins were subjected to SDS‒PAGE and transferred to a PVDF membrane, which was blocked in 5% skim milk for 1 h. Then, the PVDF membrane was incubated with PDE4B- and GAPDH-specific primary antibodies at 4°C overnight. Next day, the PVDF membrane was incubated with the corresponding specific secondary antibodies at room temperature. The membrane was subsequently incubated with chemiluminescence reagents and photographed in a Bio-Rad gel imaging system.
2.8 Pathology and immunohistochemistry of the liver
After fixation and paraffin-embedding, liver tissue samples were sectioned into 4–5 μm thick sections and subjected to H&E staining to observe morphological changes in the tissue. Immunohistochemistry was performed using universal staining kit (PV-6000, ZSGB-BIO) according to the manufacturer’s instructions. The sections were co-incubated with an IL-6-specific primary antibody and a horseradish peroxidase-labeled IgG polymer. The sections were then developed with DAB and observed under a microscope.
2.9 Gene silencing and overexpression
Specific gene silencing was achieved via siRNA technology, and gene overexpression was achieved via plasmid transfection. siRNAs and plasmids (Sangon Biotechnology, China) were transfected into BRL-3A cells using Lipofectamine 3000 transfection reagent according to the manufacturer’s instructions.
2.10 RNA extraction and RT‒PCR
Total RNA from animals or cells was extracted via the TRIzol method. The concentration and purity of the RNA were detected via a NanoDrop detection analyzer. The cDNA synthesis was performed via a two-step method with gDNA Clean Reaction Mix and RT Reaction Mix (Accurate Biology). Real-time PCR (RT‒PCR) was performed using SYBR Green Pro Taq HS Premix IV (Accurate Biology). The sequences of primers used in this study are listed in Table 1.
TABLE 1 | Primer sequences for RT‒PCR.
[image: Table 1]2.11 Statistical analysis
All the data in this study were analyzed via GraphPad Prism (version 8.0.2) and are expressed as the means ± SEMs. Differences between two groups were analyzed via a t-test, and differences among multiple groups were detected via one-way ANOVA followed by Tukey’s post hoc test. Survival curves were plotted using Kaplan-Meier curves, and the statistical analysis of the survival curve was performed via the log-rank test. A p value < 0.05 was considered to indicate statistical significance.
3 RESULTS
3.1 Rut relieves hepatic IRI in LT rats
To explore the effect of Rut on hepatic IRI, we first constructed a DCD LT model in rats. As shown in Figure 1A, ALT and AST levels were significantly increased after LT, indicating impaired liver function. Rut treatment reduced ALT and AST levels and restored liver function in a dose-dependent manner. H&E staining revealed significant pathological alterations following LT (Figure 1B). There was notable swelling and degeneration of hepatocytes and liver sinusoidal endothelial cells. Furthermore, the hepatic cord structure exhibited disorganization, accompanied by congestion of central veins and sinusoids within the hepatic lobules. Stenosis of the liver sinusoids and extensive necrosis of the hepatic lobules were also observed. Rut treatment significantly reversed these changes, resulting in significantly lower Suzuki scores. In addition, Rut treatment inhibited the cell apoptosis induced by LT (Figure 1C). Finally, we observed the effect of Rut treatment on the survival rate of the rats. Rut treatment improved the survival rate from 43% to 71% (Figure 1D), but the difference was not statistically significant. Together, these results indicate that Rut can relieve IRI induced by LT.
[image: Figure 1]FIGURE 1 | Rut relieves hepatic IRI in LT rats. (A) ALT and AST assays were performed to determine the effect of Rut on liver function after LT in rats. (B) H&E staining of liver tissues from rats after LT. (C) TUNEL staining of liver tissues from rats after LT. (D) Survival curves of the rats after LT. *P < 0.05; **P < 0.01; ***P < 0.001. ALT, alanine aminotransferase; AST, aspartate aminotransferase; IRI, ischemia‒reperfusion injury; Rut, rutaecarpine.
3.2 Rut inhibits inflammation and oxidative stress in LT rats
We observed the effect of Rut treatment on inflammation by detecting the expression of proinflammatory cytokines. After LT, the expression of IL6, IL-1β, and TNF-α significantly increased, and Rut treatment significantly inhibited the expression of these inflammatory cytokines (Figures 2A,B). We further detected the activities of the antioxidant enzymes SOD and CAT as well as the levels of GSH. Antioxidant enzymes can eliminate reactive oxygen species (ROS) and inhibit oxidative stress. The results showed that after LT, the activities of SOD and CAT and the content of GSH significantly decreased, and the level of the oxidative stress product MDA increased (Figure 2C). After Rut treatment, the antioxidant enzyme system was partially restored, and the MDA reduced. Taken together, these findings suggest that Rut inhibits inflammation and oxidative stress induced by LT in rats.
[image: Figure 2]FIGURE 2 | Rut inhibits inflammation and oxidative stress in LT rats. (A) RT‒PCR analysis of TNF-α, IL-1β, and IL6 to determine the effect of Rut on inflammation after LT in rats. (B) IHC staining of IL-6 in rat liver tissues after LT. (C) SOD, CAT, MDA and GSH assays in rat liver tissues after LT. *P < 0.05; **P < 0.01; ***P < 0.001. CAT, catalase; GSH, glutathione; LT, liver transplantation; MDA, malondialdehyde; Rut, rutaecarpine; SOD, superoxide dismutase.
3.3 Rut treatment attenuates OGD/R-induced cell damage, inflammation and oxidative stress
We also constructed an OGD/R model in rat hepatocytes to observe the effect of Rut in an in vitro model of hepatic IRI. First, we detected the cytotoxicity of Rut. The CCK-8 results revealed that when the Rut concentration was greater than 16 μM, Rut was toxic to hepatocytes (Figure 3A). We then explored the effect of Rut on OGD/R-induced cell damage and found that Rut dose-dependently attenuated OGD/R-induced cell damage and restored cell viability (Figure 3B). The protective effect was the strongest when the Rut concentration was four or 8 μM. Therefore, we chose Rut at a concentration of 4 μM for subsequent experiments. We detected inflammatory cytokines, and the RT‒PCR results showed that Rut treatment inhibited the expression of IL6, IL-1β, and TNF-α (Figure 3C). In addition, we detected the level of oxidative stress. Compared with OGD/R alone, Rut treatment increased the activities of SOD and CAT as well as the content of GSH and decreased the content of MDA (Figure 3D). Collectively, these results indicate that Rut treatment can attenuate OGD/R-induced cell damage, inflammation and oxidative stress.
[image: Figure 3]FIGURE 3 | Rut treatment attenuates OGD/R-induced cell damage, inflammation and oxidative stress. (A) CCK-8 assay to detect the cytotoxicity of Rut on BRL-3A cells. (B) CCK-8 assay to determine the effect of Rut on OGD/R-induced BRL-3A cell damage. (C) RT‒PCR analysis of TNF-α, IL-1β, and IL6 in OGD/R-induced BRL-3A cells. (D) SOD, CAT, MDA and GSH assays in OGD/R-induced BRL-3A cells. *P < 0.05; **P < 0.01; ***P < 0.001. CAT, catalase; GSH, glutathione; OGD/R, oxygen‒glucose deprivation/reoxygenation; MDA, malondialdehyde; Rut, rutaecarpine; SOD, superoxide dismutase.
3.4 PDE4B is the target of rut
To identify targets by which Rut exerts its hepatoprotective effect, we first analyzed the LT dataset (GSE151648) to obtain the differentially expressed genes between before and after reperfusion, that is, the genes that may play a role in hepatic IRI. The potential targets of Rut were obtained from the Swiss Target Prediction online database (http://www.swisstargetprediction.ch/), and we subsequently took the intersection of the obtained targets and the differential genes. A total of seven candidate targets were obtained, all of which are potential targets for the Rut to exert hepatoprotective effects (Figure 4A). Among them, PDE4B inhibition has been reported to reduce inflammation and oxidative stress in many studies (Blauvelt et al., 2023; Chen et al., 2024; Su et al., 2022), so we focused on PDE4B. In the LT and OGD/R models, PDE4B protein expression significantly increased (Figures 4B,C), indicating that PDE4B may play a role in the development of hepatic IRI. Rut treatment significantly decreased the PDE4B protein level. To further verify whether Rut directly targets PDE4B, we performed molecular docking and cellular thermal shift assay (CESTA). Rut and PDE4B formed hydrogen bonds and salt bridges (Figure 4D), proving that they are well combined. CETSA is a technology used to test intracellular drug (ligand) and protein (target) interactions. When a protein binds to a drug, its thermal stability (not stability) changes, and the interaction between the drug and protein can be identified by measuring such a change. CESTA results showed that Rut treatment enhanced the thermal stability of PDE4B (Figure 4E), further indicating that Rut directly targets PDE4B. Together, the above results indicate that PDE4B is the target of Rut in LT.
[image: Figure 4]FIGURE 4 | PDE4B is the target of Rut. (A) Venn diagram of the intersection between target genes of Rut and the differential genes of LT. (B) Western blot analysis of PDE4B in rat liver tissues after LT. (C) Western blot analysis of PDE4B in OGD/R-induced BRL-3A cells. (D) Molecular docking between Rut and PDE4B. (E) CETSA was used to verify that Rut directly targets PDE4B in BRL-3A cells. *P < 0.05; **P < 0.01; ***P < 0.001. CETSA, cellular thermal shift assay; OGD/R, oxygen‒glucose deprivation/reoxygenation; Rut, rutaecarpine.
3.5 PDE4B regulates hepatic IRI
To elucidate the function of PDE4B in hepatic IRI, we silenced PDE4B in BRL-3A cells. WB and RT‒PCR confirmed that PDE4B was effectively silenced (Figure 5A). CCK8 assays revealed that PDE4B silencing significantly reversed the decrease in cell viability induced by OGD/R (Figure 5B). The results of RT‒PCR showed that PDE4B silencing inhibited the expression of the inflammatory cytokines IL6, IL-1β and TNF-α (Figure 5C). Furthermore, silencing PDE4B resulted in a significant enhancement of SOD and CAT activities, along with an increase in GSH levels, while concurrently reducing MDA content (Figure 5D). Conversely, overexpression of PDE4B exacerbated OGD/R-induced cellular damage and upregulated the expression of inflammatory cytokines IL-6, IL-1β, and TNF-α (Figures 6A–C). Following PDE4B overexpression, there was a further decline in the activities of SOD and CAT, as well as in GSH levels (Figure 6D). In summary, these results indicate that PDE4B aggravates hepatic IRI and that the inhibition of PDE4B can alleviate hepatic IRI.
[image: Figure 5]FIGURE 5 | Inhibition of PDE4B alleviates hepatic IRI. (A) Validation of the PDE4B silencing efficiency in BRL-3A cells. (B) CCK-8 assay to determine the effect of PDE4B silencing on OGD/R-induced BRL-3A cell damage. (C) RT‒PCR analysis of TNF-α, IL-1β, and IL6 to determine the effect of PDE4B silencing on inflammation in OGD/R-induced BRL-3A cells. (D) SOD, CAT, MDA and GSH assays were performed to determine the effects of PDE4B silencing on oxidative stress in OGD/R-induced BRL-3A cells. *P < 0.05; **P < 0.01; ***P < 0.001. IRI, ischemia‒reperfusion injury; CAT, catalase; GSH, glutathione; MDA, malondialdehyde; OGD/R, oxygen‒glucose deprivation/reoxygenation; Rut, rutaecarpine; SOD, superoxide dismutase.
[image: Figure 6]FIGURE 6 | PDE4B overexpression aggravates hepatic IRI. (A) Validation of the PDE4B overexpression efficiency in BRL-3A cells. (B) CCK-8 assay to determine the effect of PDE4B overexpression on OGD/R-induced BRL-3A cell damage. (C) RT‒PCR analysis of TNF-α, IL-1β, and IL6 to determine the effect of PDE4B overexpression on inflammation in OGD/R-induced BRL-3A cells. (D) SOD, CAT, MDA and GSH assays were performed to determine the effects of PDE4B overexpression on oxidative stress in OGD/R-induced BRL-3A cells. *P < 0.05; **P < 0.01; ***P < 0.001. IRI, ischemia‒reperfusion injury; CAT, catalase; GSH, glutathione; MDA, malondialdehyde; OGD/R, oxygen‒glucose deprivation/reoxygenation; Rut, rutaecarpine; SOD, superoxide dismutase.
3.6 Rut alleviates hepatic IRI in a PDE4B-dependent manner
To determine whether the hepatoprotective effect of Rut on hepatic IRI is dependent on PDE4B inhibition, we overexpressed PDE4B in the Rut-treated group. The CCK8 assay demonstrated that PDE4B overexpression abolished the ability of Rut treatment to alleviate OGD/R-induced cell damage (Figure 7A), and PDE4B overexpression counteracted the decreases in the expression levels of the inflammatory cytokines IL6, IL-1β, and TNF-α (Figure 7B). Similarly, PDE4B overexpression diminished the efficacy of Rut treatment to increase the levels of SOD and GSH and the activity of CAT (Figure 7C). These findings suggest that the alleviation of hepatic IRI by Rut is closely related to the inhibition of PDE4B.
[image: Figure 7]FIGURE 7 | Rut alleviates hepatic IRI in a PDE4B-dependent manner. (A) A CCK-8 assay was used to determine whether the hepatoprotective effect of Rut is dependent on PDE4B. (B) RT‒PCR analysis of TNF-α, IL-1β, and IL6 to detect inflammation levels in OGD/R-induced BRL-3A cells. (C) SOD, CAT, MDA and GSH assays were performed to detect oxidative stress levels in OGD/R-induced BRL-3A cells. *P < 0.05; **P < 0.01; ***P < 0.001. CAT, catalase; GSH, glutathione; MDA, malondialdehyde; Rut, rutaecarpine; SOD, superoxide dismutase.
4 DISCUSSION
To the best of our knowledge, this is the first study to apply Rut in LT. Using in vivo and in vitro models, we found that Rut can reduce hepatic IRI through the inhibition of inflammation and oxidative stress. Further mechanistic studies confirmed that PDE4B is a key target through which Rut exerts its hepatoprotective effect. These results emphasize the possibility of the application of Rut in patients undergoing LT.
IRI severely limits donor source and the efficacy of LT. Non-ischemic LT can avoid IRI to a certain extent and is an innovative milestone in the organ transplantation field (Guo et al., 2023). However, DCD livers are inevitably exposed to a longer warm ischemia period. Therefore, DCD livers are more likely to develop IRI and are considered extended-criteria donor livers. A large number of DCD livers were discarded because of concerns about the outcome after transplantation (Thuong et al., 2016). How to relieve hepatic IRI and increase the DCD livers utilization has always been a difficult problem, and various teams around the world are committed to solving this problem. Traditional Chinese medicine emphasizes overall regulation and has multi-component, multi-target characteristics. We previously demonstrated that Scutellaria baicalensis Georgi can relieve hepatic IRI in LT through multi-targets (Liu et al., 2024). However, the multi-target characteristics also limit further breakthroughs in traditional Chinese medicine research. Chinese medicine monomers have clear chemical compositions, facilitating the identification of direct functional targets and enhancing the feasibility of large-scale production. Rut is the active ingredient of Evodia rutaecarpa and has been confirmed to have hepatoprotective effects on various liver diseases (Li et al., 2020). However, it has not been used in IRI induced by LT. Our studies confirmed that Rut can restore liver function, reduce pathological damage, inhibit apoptosis, and improve the prognosis of LT. Given that Rut has been used in clinical practice for many years, it is relatively feasible to use Rut in LT patients (Warner et al., 2004).
Hepatic IRI is considered a local sterile inflammatory response driven by innate immunity (Ahmed et al., 2021). Warm and cold ischemic injury and subsequent reperfusion trigger hepatocytes to release damage-associated molecular patterns, which induce an inflammatory cascade and further aggravate hepatocyte injury (Zhou et al., 2016). Cytokines such as IL6, IL-1β and TNF-α can activate Kupffer cells and neutrophils to trigger an intense cytotoxic immune response and play a key pathogenic role in the entire pathophysiological process of hepatic IRI (Kaltenmeier et al., 2022). Rut can inhibit the production of these proinflammatory factors in vivo and in vitro, resulting in inhibiting inflammation. Oxidative stress is also an important driving factor in the pathogenesis of hepatic IRI. Excessive ROS and the consumption of endogenous antioxidants cause redox imbalance, which leads to oxidative stress and further triggers apoptosis and necrotic cell death (G Bardallo et al., 2022). Endogenous antioxidant enzymes, such as SOD, CAT, and GSH, play crucial roles in scavenging ROS and thereby effectively mitigating oxidative stress in hepatic tissues (Romani et al., 1988; Yan et al., 2022). In our study, Rut effectively increased the levels of antioxidant enzymes while decreasing the levels of the oxidative stress product MDA. These results support the anti-inflammatory and anti-oxidative stress activity of Rut.
To further explore the downstream targets of Rut in hepatic IRI, we analyzed LT datasets before and after reperfusion and the downstream targets of the Rut. PDE4B was found to be the downstream target of Rut to exert the hepatoprotective effects. We used molecular docking and CESTA to further clarify the direct binding between Rut and PDE4B. PDE4B is an isoform of PDE4 that mainly depends on the hydrolysis of cAMP to exert its biological effects. Inhibition of PDE4 isoforms increases intracellular cyclic adenosine monophosphate levels and suppresses inflammation by reducing the release of proinflammatory mediators and the recruitment of inflammatory cells (Maurice et al., 2014; Zuo et al., 2019). PDE4B knockout mice do not even develop airway inflammation (Jin et al., 2010). PDE4B deletion or inhibition can relieve neutrophil inflammation and thus myocardial IRI (Wan et al., 2022). Meanwhile, PDE4B inhibition can enhance the nuclear translocation of nuclear factor erythroid 2-related factor 2 (Nrf-2), thereby reducing oxidative stress (Xu et al., 2020; Xu et al., 2021). However, the role of PDE4B in hepatic IRI remains unclear. In this study, PDE4B was highly expressed in rats that experienced LT as well as in OGD/R-treated BRL-3A cells. PDE4B knockdown significantly improved cell activity and inhibited inflammation and oxidative stress. The overexpression of PDE4B was found to suppress cellular activity while exacerbating inflammation and oxidative stress. These results suggest that PDE4B can aggravate hepatic IRI and thus represents a potential target for therapeutic intervention in the management of hepatic IRI. In addition, the overexpression of PDE4B abolished the effects of Rut on OGD/R-induced cell damage, inflammation and oxidative stress. These results indicate that the ability of Rut to relieve hepatic IRI is dependent on PDE4B. We did not further explore how PDE4B regulates inflammation and oxidative stress, which is a weakness of this study, although this has been explained to some extent in other disease models.
This study has several other limitations. First, we explored the role of only one target, PDE4B, and no further verification was conducted on other targets of Rut. Although Rut has been shown to play a hepatoprotective role through PDE4B, thorough target validation will facilitate a more complete understanding of how Rut works. Second, only three doses of Rut were selected, and a dose‒response curve of Rut in LT needs to be drawn to find the optimal timing and dose for Rut administration. It also needs to be determined whether multiple doses before transplantation are more effective.
5 CONCLUSION
In summary, through in vivo and in vitro models, we demonstrated that Rut has hepatoprotective effects against IRI induced by LT through its anti-oxidant and anti-inflammatory activities. PDE4B aggravates hepatic IRI and is the target of Rut, and inhibition of PDE4B can alleviate hepatic IRI. More in-depth studies on the mechanism of Rut in LT will be beneficial for the clinical application of Rut.
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