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Fucosylation is a common glycan terminal modification, which has been reported to be inhibited by 2-fluorofucose (2FF) both in vivo and in vitro. The present study aimed to investigate the effect of 2FF on acetaminophen (APAP)-induced acute liver injury, and further clarified the possible mechanisms. In the present study, inhibition of fucosylation by 2FF relieved APAP-induced acute liver injury in vivo. Pretreatment with 2FF remarkably suppressed APAP-induced oxidative stress and mitochondria damage. 2FF markedly enhanced the nuclear translocation of nuclear factor erythroid 2-related factor 2 (Nrf2) and simultaneously promoted the expression of downstream proteins including HO-1 and NQO1. Furthermore, pretreatment with 2FF significantly suppressed the expression of inflammation-associated proteins, such as COX2 and iNOS. The data from lectin blot assay revealed that the alteration of α1,6-fucosylation was involved in APAP-induced acute liver injury. The second part of this study further confirmed that the enhancements to antioxidant capacity of 2FF pretreatment and α1,6-fucose deficiency were related to Nrf2/keap1 and NF-κB signaling pathways in HepG2 cells. Taken together, the current study suggested that 2FF might have a potential therapeutic effect for APAP-induced acute liver injury.
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INTRODUCTION
Acetaminophen (APAP) is an effective analgesic and antipyretic drug, which has had global and wide use since its application (Lee, 2017). Although it is generally considered to be safe at therapeutic doses, over dosage of APAP may result in hepatotoxicity and even acute liver failure (ALF). In developed countries, APAP-induced hepatotoxicity is the most common reason for drug-induced ALF (Bunchorntavakul & Reddy, 2018; Stravitz & Lee, 2019). N-acetylcysteine (NAC) is the only therapeutic option for patients with APAP-induced hepatotoxicity, however, poor efficacy has been made due to the narrow therapeutic window and adverse effects. Hence, great efforts have been devoted to understanding the pathological mechanism of APAP-induced hepatotoxicity and developing new drugs that are superior to NAC.
Oxidative stress is generally considered to be critical for APAP-induced hepatotoxicity. N-acetyl-P-benzoquinone (NAPQI), the metabolite of APAP, is accumulated in the liver after APAP overdose. Once glutathione (GSH) is depleted by excessive NAPQI, cellular proteins, especially mitochondrial proteins, covalent bind to sulfhydryl groups and result in severe mitochondrial oxidative damage and dysfunction, finally hepatocytes necrosis (Bunchorntavakul and Reddy., 2018). Increasing evidence indicates that many anti-oxidative signaling pathways are activated in the process of APAP-induced oxidative stress, and the nuclear factor erythroid 2-related factor 2 (Nrf2) is considered to be a key factor for the activation of some anti-oxidative systems in vivo (Wu et al., 2019). The activation of Nrf2 is regulated by redox status changes of the kelch-like ECH associated protein 1 (keap1), which can be induced by NAPQI (Klaassen & Reisman, 2010). When exposed to oxidative stimuli, Nrf2 dissociates from the Nrf2-keap1 complex in the cytoplasm, then transports to the nucleus and adjusts the genes encoding a series of antioxidant enzymes (Klaassen and Reisman., 2010; Ross and Siegel, 2021). Recent research shows that inhibition of Nrf2-keap1 interaction by a metal-based drug promotes Nrf2 nuclear translocation and alleviates APAP-induced liver injury (Li et al., 2021).
Undoubtedly, an acute inflammatory response is also induced by APAP overdose. Damage-associated molecular patterns derived from necrotic hepatocytes transcriptional activate proinflammatory cytokines including interleukin-1β (IL-1β), IL-10, IL-6 and tumor necrosis factor-α (TNF-α), which lead to the activation and recruitment of neutrophils in the damaged area of liver, and further aggravate hepatocytes necrosis in the early stage of APAP-induced liver injury (Yan, Huo, Yin, & Hu, 2018). Nuclear factor-κB (NF-κB), a transcription factor, is known to be a key factor in regulating inflammatory gene expression (Morgan & Liu, 2011). In addition, oxidative stress induced by overdosed APAP has the potential to regulate the activity of NF-κB. NF-κB activation, which is characterized by p65 subunit translocation, accelerates the expression of pro-inflammatory factors, including TNF-α, cyclooxygenase-2 (COX-2) and iNOS (Morgan and Liu., 2011; Zhang et al., 2016). Therefore, inhibiting NF-κB activation may be a possible target for therapeutic intervention of hepatotoxicity induced by APAP. It has been reported that the augment of endogenous omega-3 polyunsaturated fatty acids reduced NF-κB-mediated inflammation response and attenuated APAP-induced liver injury (Feng et al., 2018).
Glycosylation is a ubiquitous post-translational modification of most eukaryotic proteins, which has essential roles in diverse processes (Gloster and Vocadlo, 2012). Fucosylation, catalyzed by fucosyltransferases (FUTs), is a common glycan terminal modification, and the fucosylated structures widely exist in a variety of glycoproteins. However, altered fucosylated structures frequently appear during a variety of pathological processes, such as inflammatory response, tumorigenesis and metastasis (Li, Hsu, Mountz, and Allen, 2018). For instance, deficiency of core fucosylation (α1,6-fucose) that catalyzed by α1,6-fucosyltransferase (FUT8), reduced the pancreatic cancer cell proliferation and migration (Liang et al., 2021). In addition, accumulating studies have shown that dysregulation of fucosyltransferase 2 (FUT2) was associated with various human disorders, such as infection and chronic inflammatory diseases (Goto, Uematsu, and Kiyono, 2016).
Due to the effects on physiological and pathological processes, specific inhibitors of fucosylation may have important application value in basic research and treatment (Gloster and Vocadlo., 2012; Li et al., 2018). One such inhibitor, 2-fluorofucose (2FF), was recently reported to inhibit tumor cell adhesion, migration and proliferation by blocking fucosylation both in vitro and in vivo (Okeley et al., 2013; Carrascal et al., 2018). Pretreatment with 2FF inhibited the activation of NF-kB and expression of vascular cell adhesion molecule-1 in the livers of sickle cell disease (SCD) mice (Belcher et al., 2015). Additionally, our previous studies suggested that loss of core fucosylation inhibited chemical-induced hepatocellular carcinoma and liver regeneration (Wang et al., 2015; Wang et al., 2015), but the effects of 2FF and core fucosylation on APAP-induced acute liver injury were still unknown. Herein we estimated the effect of 2FF on APAP-induced acute liver injury in vivo and in vitro, and further expounded the possible mechanisms. All the results might provide the evidence to facilitate the development of an effective therapeutic strategy for APAP-induced acute liver injury.
MATERIALS AND METHODS
Animal treatment
The 6-week-old male ICR mice were randomly divided into five groups. (1) Control group: the mice were injected with saline intraperitoneally, and then received an intragastric administration of an equal volume of saline; (2) Model group: the mice were injected with saline intraperitoneally for 7 days, then received an intragastric administration of 400 mg/kg APAP (Ramachandran & Jaeschke, 2018); (3) 2FF control group: the mice were given an intraperitoneal injection of 150 mg/kg 2FF for 7 consecutive days, then received an intragastric administration of an equal volume of saline; (4) 2FF + APAP group: the mice were given an intraperitoneal injection of 150 mg/kg 2FF for 7 days (Belcher et al., 2015), and then received an intragastric administration of 400 mg/kg APAP; (5) APAP + NAC group, 1 h after APAP administration, the mice were given an intragastric administration of 500 mg/kg NAC. Four hours after APAP administration, the mice were sacrificed. The liver tissues and serum from different groups were taken for subsequent experiments. All detailed protocols were approved by the animal care and use committee of Nantong University.
Cell treatment
The HepG2 cells were obtained from ATCC, USA, and the HepG2 FUT8 knockout (KO) cells were established as described (Y. Wang et al., 2015). All the cells were maintained in an incubator humidifier containing 5% CO2 at 37°C and were cultivated in DMEM medium which was supplemented with 10% fetal calf serum, streptomycin (100 g/ml) and penicillin (100 U/ml). The HepG2 wildtype (WT) cells were incubated with or without 100 μM 2FF for 48 h, meanwhile, the HepG2 FUT8 KO cells were not specially treated. Subsequently, the cells in APAP-treated groups were exposed to 20 mM APAP dilutions for 24 h.
Reagents
2FF was provided by SynChem. Inc. (IL, United States). NAC was purchased from Sangon Biotech (Shanghai) Co., LTD. (Shanghai, China). Acetaminophen was provided by Abcam (CA, United States). The aspartate aminotransferase (AST), alanine aminotransferase (ALT), glutathione (GSH) and malondialdehyde (MDA) test kits were provided by Jiancheng Bioengineering Institute (Nanjing, China). The lactate dehydrogenase (LDH) kit, MTT cell proliferation and cytotoxicity kit and SOD activity kit were provided by Beyotime Biotechnology (Nantong, China). Reactive Oxygen Species (ROS) Fluorescent Probe-Dihydroethidium (DHE) was provided by Vigorousbio. CO, Ltd. (Beijing, China). The mouse TNF-α and IL-6 ELISA kits were obtained from ABclonal Technology Co., Ltd. (Wuhan, China). Aleuria aurantia lectin (AAL), wheat germ agglutinin (WGA) and concanavalin A (ConA) were provided by Vectorlabs, Inc. (CA, United States). Antibodies against Nrf2, NQO1, keap1, NF-κB p65 and iNOS were from Abcam (Cambridge, United Kingdom). Antibodies against glyceraldehyde-3-phosphate dehydrogenase (GAPDH), COX-2, HO-1 and Histone were from Proteintech (Wuhan, China).
Hematoxylin & eosin staining
The liver tissues were harvested and washed with PBS on ice, then fixed in 4% paraformaldehyde. After dehydration, the specimens were embedded in paraffin and sectioned for H&E staining.
Electron microscopy
For ultrastructural analysis of mitochondria, liver tissues were fixed with 2.5% glutaraldehyde and stored at 4°C. The specimens were post fixed with osmium in 0.2 M imidazole buffer, dehydrated, and then embedded in resin. Ultrathin cross sections were prepared by Lecia EM UC7, collected on formvar coated copper grids, and examined in a Hitachi HT7800 transmission electron microscope operated at 80 kV.
Fluorescence probe-dihydroethidium staining
The ROS production was detected by DHE staining. Briefly, liver tissues were prepared for the frozen section. DHE was diluted with HEPES buffer, and the final concentration was 5 μM. After washing with 0.01 M PBS, the sections were incubated with diluted DHE at 37°C for 30 min. For HepG2 cells, 105 cells in a 24-well plate were incubated with 5 μM DHE, and the nuclei were stained with DAPI. All the photos were taken with a laser confocal fluorescence microscope.
MDA and GSH Assay
The liver and cells were homogenized on ice, and then supernatants were collected for the detections of MDA and GSH levels. The level of MDA was detected by thibabituric acid method, and the level of GSH was detected by dithiodinitrobenzoic acid method. The experiments were performed by following per under the manufacturer’s instructions.
ELISA assay
The levels of IL-6 and TNF-α in mouse serum were detected by ELISA assay. The experiments were performed by respective kits according to the manufacturer’s protocol.
Enzyme activity assay
According to the manufacturer’s protocol, the levels of ALT and AST were determined by Reitman-Frankel method with the respective kits, and the absorbance at 510 nm was measured. The activity of SOD was detected by WST-8 method with the corresponding commercial assay kit, then the absorbance at 450 nm was measured. Subsequently, the enzyme activities were calculated according to the formula. The total protein concentration was used as the standard for all the results in each sample.
Western blot and lectin blot assay
Total protein was extracted from liver tissues and cells with RIPA lysis solution with phenylmethylsulfonyl fluoride (PMSF) on ice. All extracted proteins were quantified by BCA method and denatured at 95°C after mixing with loading buffer. The Western blot assay was carried out according to the standard protocol, as previously reported (Zeng, Hua, Wang, Zhang, and Xu, 2020). For lectin blot assay, the blocking buffer was replaced by 3% bovine serum albumin in TBST followed by specific lectins. Finally, an ABC Kit (Vectorlabs) was used for visualization of the bands. The quantification of band intensity was performed by Image-J analysis software.
Statistical analysis
Data were presented as mean ± standard deviation. GraphPad Prism 7.0 software was utilized for data analysis. Comparison between multiple groups was performed by one-way ANOVA analysis of Tukey’s multiple comparison test, and p < 0.05 was considered statistically significant.
RESULTS
Pretreatment with 2FF alleviated APAP-induced acute liver injury in mice
Firstly, we evaluated the effect of 2FF on APAP-induced liver injury by detecting serum ALT and AST levels. In APAP model group, the levels of ALT and AST were remarkably increased compared to the control group, and treatment with 2FF or NAC significantly decreased ALT and AST levels (Figures 1A,B). As shown in Figure 1C, the hepatocytes were arranged orderly in the control group, however, were arranged disorderly and there was a large area of necrosis in the APAP model group. The damage was significantly relieved in 2FF and NAC treated groups. These results indicated that pretreatment with 2FF and NAC significantly alleviated APAP-induced acute liver injury in mice.
[image: Figure 1]FIGURE 1 | Pretreatment with 2FF alleviated APAP-induced acute liver injury in mice. The mice were treated with 150 mg/kg 2FF for 7 consecutive days, then an acute liver injury model was induced by an intragastric administration of 400 mg/kg APAP (0.1 ml/10 g, APAP group), and the control group was given equal amount of saline (0.1 ml/10 g). 4 h after APAP administration, the serum and the hepatic tissue was collected. Serum ALT (A) and AST (B) levels were measured for the evaluation of damage degree. (C), H&E staining was used to observe the pathological injury of mouse liver (Bar = 50 µm). All results were expressed as mean ± SD, **p < 0.01 vs. the APAP-treated group; ##p < 0.01 vs. the control group, n = 6.
Pretreatment with 2FF suppressed oxidative stress in APAP-treated mouse liver
Excessive ROS production has been considered as a key factor for APAP-induced hepatotoxicity (Bunchorntavakul and Reddy., 2018). In the APAP model group, the MDA level was significantly increased, and pre-treatment with 2FF and NAC remarkably suppressed the increase of MDA level induced by APAP (Figure 2A). In addition, the GSH levels and SOD activity were significantly decreased after APAP administration, while pre-treatment with 2FF and NAC evidently increased the GSH level as well as the SOD activity (Figures 2B,C). The ROS level in liver tissues was detected by DHE staining. Consistent with the above results, the fluorescence intensity in the APAP model group significantly increased, while 2FF and NAC dramatically reduced the fluorescence intensity (Figure 2D). To further confirm the effect of 2FF on the liver, transmission electron microscope was used to observe the mitochondria. As shown in Figure 2E, the structure of mitochondrial cristae was intact in the control group. Compared to the control group, APAP injection caused swelled and ruptured as well as the broken of the cristae in mitochondria. However, pre-treatment with 2FF and NAC notably improved the above changes in mitochondria. Collectively, these results suggested that inhibition of fucosylation by 2FF alleviated APAP-induced liver oxidative stress in mice.
[image: Figure 2]FIGURE 2 | Pretreatment with 2FF suppressed oxidative stress in APAP-treated mouse liver. The mice were treated with 150 mg/kg 2FF for 7 consecutive days, then an acute liver injury model was induced by an intragastric administration of 400 mg/kg APAP (0.1 ml/10 g, APAP group), and the control group was given equal amount of saline (0.1 ml/10 g). The level of hepatic oxidative stress was evaluated by the measurements of MDA (A), GSH (B) and the activity of SOD (C). (D) The levels of ROS in liver were observed by DHE fluorescent dye staining, and the photos were taken by fluorescence microscope (Bar = 75 µm). (E), The transmission electron microscope was used to observe the mitochondria (Bar = 5 µm). All results were expressed as mean ± SD, *p < 0.05, **p < 0.01 vs. the APAP-treated group; ##p < 0.01 vs. the control group, n = 6.
Pretreatment with 2FF affected Nrf2-mediated signal pathway in APAP-treated mice
Nrf2/keap1 system is an important antioxidant system in vivo and is also plays crucial roles in APAP-induced hepatotoxicity (Klaassen and Reisman., 2010; Zhang et al., 2016). To elucidate the possible mechanism of 2FF against APAP-induced oxidative stress in the liver, the protein levels of keap1, Nrf2, NQO1 and HO-1 were determined by Western blot assay. Pretreatment with 2FF inhibited the protein expression of keap1 in APAP-induced mice liver (Figure 3A). APAP administration remarkably increased the expression of Nrf2 in cytoplasm and in nucleus, however, pre-treatment with 2FF significantly increased the level of Nrf2 in the nucleus and decreased the level of Nrf2 in the cytoplasm (Figure 3B). Moreover, as shown in Figure 3C, the protein levels of NQO1 and HO-1 were significantly decreased after APAP treatment, and pre-treatment with 2FF dramatically increased the protein expression NQO1. Unexpected, the decreased HO-1 expression induced by APAP was slightly enhanced by 2FF pre-treatment, but there was no significant statistical significance compared with the model group.
[image: Figure 3]FIGURE 3 | Pretreatment with 2FF affected Nrf2-mediated signal pathway in APAP-treated mice. The mice were treated with 150 mg/kg 2FF for 7 consecutive days, then an acute liver injury model was induced by an intragastric administration of 400 mg/kg APAP (0.1 ml/10 g, APAP group), and the control group was given equal amount of saline (0.1 ml/10 g). Western blotting analysis was used to detect the protein levels of keap1(A), Cyto-Nrf2, Nu-Nrf2 (B), NQO1 and HO-1(C) in mice liver. GAPDH or Histone was used as an internal control. The relative protein expression was quantified and statistically analyzed by densitometric analysis. All results were expressed as mean ± SD, *p < 0.05, **p < 0.01 vs. the APAP-treated group; #p < 0.05, ##p < 0.01 vs. the control group, n = 6.
Altogether, the above data suggested that the protective effect of 2FF against APAP-induced hepatotoxicity, at least partly, by regulating the Nrf2/keap1 signalling pathway.
Pretreatment with 2FF inhibited inflammatory response in APAP-induced acute liver injury
Aseptic inflammation has been shown to play an important role in the early stage of APAP-induced hepatotoxicity (Yan et al., 2018). In this study, the serum levels of TNF-α and IL-6 significantly increased after APAP administration and were remarkably decreased by pre-treatment with 2FF and NAC (Figures 4A,B). In addition, COX-2 and iNOS protein expressions are usually induced in inflammatory environment. In Figure 4C, the protein expression of COX-2 in the APAP model group was significantly increased, and pre-treatment with 2FF and NAC notably inhibited the COX-2 expression. In addition, 2FF pre-treatment suppressed the protein expression of iNOS, even though no statistical difference was shown between control group and model group. Moreover, both in cytoplasm and nucleus, the protein levels of NF-κB p65 were induced by APAP, and 2FF remarkably decreased the protein levels of NF-κB p65 in cytoplasm and nucleus (Figure 4D). Collectively, these results indicated that 2FF alleviated APAP-induced aseptic inflammation in mouse liver, and the mechanism might be due to the regulation of NF-κB signalling pathway.
[image: Figure 4]FIGURE 4 | Pretreatment with 2FF inhibited inflammatory response in APAP-induced acute liver injury. The mice were treated with 150 mg/kg 2FF for 7 consecutive days, then an acute liver injury model was induced by an intragastric administration of 400 mg/kg APAP (0.1 ml/10 g, APAP group), and the control group was given equal amount of saline (0.1 ml/10 g). ELISA assay was used to determine the levels of serum TNF-⍺ (A) and IL-6 (B). Western blotting analysis was used to detect the protein levels of COX2, iNOS(C), Cyto-p65 and Nu-p65 (D) in mice liver. GAPDH or Histone was used as an internal control. The relative protein expression was quantified and statistically analyzed by densitometric analysis. All results were expressed as mean± SD, **p < 0.01 vs. the APAP-treated group; #p < 0.05, ##p < 0.01 vs. the control group, n = 6.
Alterations of the N-linked glycans in APAP-induced acute liver injury
Aberrant glycosylation frequently occurs in various malignant tumors, nevertheless, the alterations of glycosylation in APAP-induced acute liver injury remain to be determined. Therefore, the levels of glycosylation in liver tissue were further detected by lectin blot assay in this study. The aleuria aurantia lectin (AAL), which specifically recognizes core fucose residue of branched N-glycans, was dramatically induced after APAP administration, and the enhancement was eliminated by 2FF (Figure 5A). Moreover, APAP administration showed no obvious effect on the levels of α-linked mannose and glucose and N-Acetyl glucosamine (GlcNAc) in liver tissue, which were specifically recognized by ConA and WGA, respectively (Figures 5B,C). Therefore, the above observations suggested that the alteration of α1,6-fucosylation was involved in APAP-induced acute liver injury.
[image: Figure 5]FIGURE 5 | Alterations of the N-linked glycans in APAP-induced acute liver injury. The mice were treated with 150 mg/kg 2FF for 7 consecutive days, then an acute liver injury model was induced by an intragastric administration of 400 mg/kg APAP (0.1 ml/10 g, APAP group), and the control group was given equal amount of saline (0.1 ml/10 g). (A), Lectin blot analysis using AAL was performed to recognize α1,6-fucose. (B), Lectin blot analysis using ConA was performed to recognize α-linked mannose and glucose. (C), Lectin blot analysis using WGA was performed to recognize N-Acetyl glucosamine. GAPDH was used as a loading control.
2FF and FUT8 deficiency relieved APAP-induced cell damage in HepG2 cells
The abovementioned results showed that the increase of α1,6-fucosylation might be related with the process of APAP-induced acute liver injury in mice. Since FUT8 is the only fucosyltransferase that catalyzes the formation of core fucosylation in mammals, therefore, the human hepatoma HepG2 wild-type (WT) and HepG2 FUT8 KO cells were used to clarify the hepatic protective mechanism of 2FF in vitro. MTT assay showed that the survival rate of HepG2 WT cells significantly decreased when exposed to APAP, while 2FF pretreatment significantly improved the survival rate of HepG2 WT cells, and the same results were obtained in FUT8 KO cells (Figure 6A). Similarly, 2FF markedly decreased the level of LDH in APAP-treated HepG2 WT cells. Unexpected, the LDH level in the HepG2 FUT8 KO group was significantly enhanced by APAP (Figure 6B). Moreover, the supernatant levels of AST and ALT in APAP-treated WT cells were significantly increased, while 2FF pretreatment and FUT8 gene deficiency significantly relieved the increase induced by APAP (Figures 6C,D). These data suggested that inhibition of fucosylation, especially core fucosylation, effectively alleviated APAP-induced cell damage.
[image: Figure 6]FIGURE 6 | 2FF and FUT8 deficiency relieved APAP-induced cell damage in HepG2 cells. After incubating with or without 100 μM 2FF for 48 h, the HepG2 WT and HepG2 FUT8 KO cells were treated or not with 20 mM APAP dilutions for 24 h (A), MTT assay was used to evaluate cell viability. The levels of LDH (B), ALT (C) and AST (D) were detected for evaluating the damage of cells. Data were expressed as mean ± SD, ##p < 0.01, vs. HepG2 WT control group; *p < 0.05, **p < 0.01, vs. APAP-treated HepG2 WT group, n = 3.
2FF and FUT8 deficiency relieved APAP-induced oxidative stress in HepG2 cells
Compared to the WT cells without any treatment, the MDA level significantly increased in APAP model group, and notably suppressed by 2FF and FUT8 gene knockout (Figure 7A). Meanwhile, the GSH level in APAP-treated cells was much lower than that in control cells, and 2FF treatment and FUT8 deficiency evidently increased the level of GSH (Figure 7B). The ROS level in the cells was detected by DHE staining, and the result was consistence with the above results (Figure 7C). In order to elucidate the protective mechanism of 2FF on APAP-induced oxidative stress, Western blot assay was used to determine the protein levels of keap1, cytoplasm and nuclear Nrf2. Pretreatment with 2FF significantly reduced the elevation of keap1 protein expression induced by APAP, subsequently increasing the protein level of nuclear Nrf2 (Figures 7D,E). After APAP induction, there was no significant enhancement of nuclear Nrf2 level in HepG2 FUT8 KO cells, even APAP-induced increase of keap1 and cytoplasm Nrf2 was markedly suppressed by FUT8 gene deficiency in HepG2 cells (Figures 7D,E). Moreover, NQO1 and HO-1 protein levels remarkably decreased after APAP treatment both in HepG2 WT and HepG2 FUT8 KO cells. Unexpectedly, the protein levels of NQO1 were enhanced in 2FF-treated and FUT8 KO groups after APAP administration, while the change of HO-1 protein levels was not consistent with that of NQO1 (Figure 7F). Based on these results, it could be inferred that 2FF and loss of core fucose effectively reduced the oxidative stress induced by APAP, and the mechanism was partially achieved by affecting the Nrf2/keap1 signaling pathway.
[image: Figure 7]FIGURE 7 | 2FF and FUT8 deficiency relieved APAP-induced oxidative stress in HepG2 cells. After incubating with or without 100 μM 2FF for 48 h, the HepG2 WT and HepG2 FUT8 KO cells were treated or not with 20 mM APAP dilutions for 24 h. The levels of MDA (A) and GSH (B) were determined for evaluating the level of oxidative stress in cells. (C), ROS in the cells was detected using a laser confocal microscope with DHE fluorescent dye (red). DAPI was used for nuclear staining (blue) (Bar = 25 μm). Western blotting analysis was used to detect the protein levels of keap1 (D), cytoplasm Nrf2, nuclear Nrf2 (E), NQO1 and HO-1 (F) in different group. GAPDH or Histone was used as an internal control. The relative protein expression was quantified and statistically analyzed by densitometric analysis. Data were expressed as the mean ± SD, #p < 0.05, ##p < 0.01, vs. HepG2 WT control group; *p < 0.05, **p < 0.01, vs. APAP-treated HepG2 WT group, n = 3.
2FF and FUT8 deficiency influenced APAP-induced inflammatory response in HepG2 cells
To confirm the effects of 2FF and core fucose on APAP-induced inflammatory response in HepG2 cells, Western blot assay was performed to detect the protein expression of iNOS and COX-2. The protein levels of iNOS and COX-2 were significantly up-regulated by APAP administration, and 2FF remarkably inhibited the expression of iNOS and COX-2 in HepG2 WT cells. Meanwhile, the enhancement of iNOS and COX-2 by APAP were markedly suppressed in FUT8 KO cells (Figures 8A,B). In addition, APAP remarkably up-regulated nuclear NF-κB p65 levels, and the increase was significantly inhibited by 2FF pretreatment and FUT8 deficiency (Figures 8C,D). These results suggested that 2FF and deletion of core fucose reduced APAP-induced inflammatory response might be related with the NF-κB signaling pathway.
[image: Figure 8]FIGURE 8 | 2FF and FUT8 deficiency influenced APAP-induced inflammatory response in HepG2 cells. After incubating with or without 100 μM 2FF for 48 h, the HepG2 WT and HepG2 FUT8 KO cells were treated or not with 20 mM APAP dilutions for 24 h. Western blotting analysis was used to detect the protein levels of iNOS, COX2 (A,B), Cyto-p65 and Nu-p65 (C,D) in different group. GAPDH or Histone was used as an internal control. The relative protein expression was quantified and statistically analyzed by densitometric analysis. Data were expressed as the mean ± SD, #p < 0.05, ##p < 0.01, vs. HepG2 WT control group; *p < 0.05, **p < 0.01, vs. APAP-treated HepG2 WT group, n = 3.
DISCUSSION
APAP-induced hepatotoxicity is considered to be the main cause of ALF in western countries, which has attracted a great deal of clinical concern. Thus, understanding the underlying mechanism of APAP-induced acute liver injury is necessary to design its new therapeutic strategies. In present study, we evaluated the protective effects of 2FF in APAP-induced acute liver injury, and further expounded the potential mechanisms of core fucosylation during the pathological process for the first time.
Excessive ROS production and decreased antioxidant defense system are considered key characteristics of APAP-induced hepatotoxicity (Ramachandran & Jaeschke, 2018). In our study, APAP-induced ROS accumulation and GSH reduction were relieved by 2FF administration in vivo (Figure 2). Similar results were observed in HepG2 cells in vitro (Figure 7). Therefore, we speculated that suppression of APAP-induced oxidative stress might be critical for the protective effect of 2FF on APAP-injured liver. As one of the most important antioxidant systems, the activation of Nrf2/Keap1 system is associated with the alleviation of APAP-induced hepatotoxicity (Klaassen and Reisman., 2010). In current study, 2FF pretreatment significantly increased nuclear Nrf2 level in liver tissue of APAP-treated mice. Moreover, the downstream antioxidant targets such as Nrf2 and NQO1 protein expressions were remarkably induced by 2FF administration in APAP-treated mice, which effectively alleviated oxidative stress in liver. The data in HepG2 cells were consistent with the results in vivo. Unexpected, the protein expression of HO-1 was not enhanced by 2FF either in vivo or in vitro. Actually, Nrf2 is not the unique pattern to regulate the expression of HO-1 and NQO1 (Zhang et al., 2016). For example, convincing evidence exists for HO-1 regulation by some other transcription factors, including heat-shock factor, activator protein-1, and NF-κB families (Paine, Eiz-Vesper, Blasczyk, and Immenschuh, 2010). Thus, the levels of HO-1 and NQO1 are often inconsistent in different patterns.
In the early stage of APAP-induced liver injury, aseptic inflammation is another important pathological process, and is closely associated with oxidative damage and further aggravates liver damage (Ramachandran and Jaeschke., 2018). In APAP-treated mice, TNF-α and IL-6 levels were significantly decreased by 2FF pretreatment. Furthermore, the abnormal increase of COX-2 and iNOS protein expression in APAP-treated mice was also markedly suppressed by the 2FF treatment. These results suggested that inhibition of aseptic inflammatory response might be important for the protective effect of 2FF on the liver. NF-κB is considered to be a key regulator of inflammatory response, which is also involved in the process of oxidative stress (Morgan and Liu., 2011). Excessive ROS activates NF-κB-mediated pathways, meanwhile, NF-κB affects the expression of antioxidant proteins. In our study, APAP-induced enhancements of nuclear NF-κB p65 were remarkably suppressed after 2FF pretreatment. All the results proved that NF-κB-mediated pathway was one of the possible mechanisms for protective effect of 2FF on liver.
In current study, AAL level significantly increased in the liver of APAP-treated mice, suggesting that abnormal core fucosylation might be involved in the pathological process of APAP-induced hepatotoxicity. As expected, the HepG2 cells either pretreated with 2FF or loss of core fucose effectively attenuated APAP-induced oxidative stress. Subsequently, the protein expression of NQO1, HO-1, iNOS and COX2 in HepG2 cells were consistent with those in vivo. All the results showed that fucosylation, especially core fucosylation, played an important role in the pathological process of APAP-induced acute liver injury.
Previous studies on core fucosylation have shown that it is crucial for dimer formation, ligand-binding affinity and downstream signaling of glycoprotein receptors, such as epidermal growth factor receptor (EGFR) (Wang, Gu, Ihara, Miyoshi, Honke, and Taniguchi, 2006; Y. Wang et al., 2015). The absence of core fucosylation reduced the binding affinity of EGF and EGFR, and then suppressed EGFR-mediated downstream pathways (Wang et al., 2006; Liu et al., 2011). Recently, it has been reported that EGFR was activated by GSH depletion in the early phase of APAP-induced liver injury (B.Bhushan and Michalopoulos, 2020). Canertinib, an inhibitor of EGFR, has been reported to result in the early inhibition of APAP-induced EGFR activation and liver necrosis (Bhushan et al., 2017). Thus, we postulated that one possible mechanism of 2FF alleviating APAP-induced acute liver injury might be due to the inhibition of EGFR-mediated pathways after core fucose deletion.
Nevertheless, since the effects of fucosylation on biological functions mediated by a variety of proteins are complex, it is still possible that other mechanisms are involved in the effects of 2FF on acute liver injury induced by APAP. For instance, 2FF has been reported to have anti-inflammatory effect by inhibiting the activation of NF-kB in SCD mice (Belcher et al., 2015). In addition, the interferon (IFN)-β production induced by lipopolysaccharide is significantly suppressed in FUT8-deficient mouse embryonic fibroblasts, which is attributed to the impaired TLR4/CD14 internalization caused by core fucose deletion (Iijima et al., 2017). In the present study, the increased expression of iNOS, COX2 and nuclear NF-κB p65 induced by APAP were significantly suppressed by 2FF pretreatment and FUT8 deficiency (Figures 4, 8), which was consistent with the previous studies. The data from these studies provided the evidence that 2FF treatment and core fucose deficiency inhibited inflammation both in vivo and in vitro, however, we also found that effects of core fucosylation on the peripheric inflammation were different from the neuroinflammation in previous study (Lu et al., 2019). In microglia and astrocytes, deficiency of core fucose resulted in enhancements of pro-inflammatory signaling pathways and inhibitions of anti-inflammatory signaling pathways (Lu et al., 2019). As mentioned above, the role of 2FF and core fucosylation in APAP-induced aseptic inflammation is complicated, and the detailed mechanisms require further studies.
In conclusion, pharmacological inhibition of fucosylation attenuated APAP-induced acute liver injury, and its mechanism might be due to the inhibition of oxidative stress and aseptic inflammation. Although further studies are needed, our study supported the emerging notion that core fucosylation was pivotal in the early phase of APAP-induced liver injury.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by The Animal Care and Use Committee of Nantong University.
AUTHOR CONTRIBUTIONS
ZL validation, investigation, writing-original draft; MT validation, investigation, formal analysis; JS validation, formal analysis, data curation; HZ: Validation, formal analysis; GM methodology, data curation; JG conceptualization, writing-review and editing, funding acquisition; YW formal analysis, validation, writing-original draft, funding acquisition.
FUNDING
This work was supported by grants from the National Natural Science Foundation of China (31670807, 31500649), and the grant from the Natural Science Foundation of Nantong City (JC2019101).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Belcher, J. D., Chen, C., Nguyen, J., Abdulla, F., Nguyen, P., Nguyen, M., et al. (2015). The fucosylation inhibitor, 2-fluorofucose, inhibits vaso-occlusion, leukocyte-endothelium interactions and NF-kB activation in transgenic sickle mice. PLoS One 10 (2), e0117772. doi:10.1371/journal.pone.0117772
 Bhushan, B., Chavan, H., Borude, P., Xie, Y., Du, K., McGill, M. R., et al. (2017). Dual role of epidermal growth factor receptor in liver injury and regeneration after acetaminophen overdose in mice. Toxicol. Sci. 155 (2), 363–378. doi:10.1093/toxsci/kfw213
 Bhushan, B., and Michalopoulos, G. K. (2020). Role of epidermal growth factor receptor in liver injury and lipid metabolism: Emerging new roles for an old receptor. Chem. Biol. Interact. 324, 109090. doi:10.1016/j.cbi.2020.109090
 Bunchorntavakul, C., and Reddy, K. R. (2018). Acetaminophen (APAP or N-Acetyl-p-Aminophenol) and acute liver failure. Clin. Liver Dis. 22 (2), 325–346. doi:10.1016/j.cld.2018.01.007
 Carrascal, M. A., Silva, M., Ramalho, J. S., Pen, C., Martins, M., Pascoal, C., et al. (2018). Inhibition of fucosylation in human invasive ductal carcinoma reduces E-selectin ligand expression, cell proliferation, and ERK1/2 and p38 MAPK activation. Mol. Oncol. 12 (5), 579–593. doi:10.1002/1878-0261.12163
 Feng, R., Wang, Y., Liu, C., Yan, C., Zhang, H., Su, H., et al. (2018). Acetaminophen-induced liver injury is attenuated in transgenic fat-1 mice endogenously synthesizing long-chain n-3 fatty acids. Biochem. Pharmacol. 154 (4), 75–88. doi:10.1016/j.bcp.2018.04.019
 Gloster, T. M., and Vocadlo, D. J. (2012). Developing inhibitors of glycan processing enzymes as tools for enabling glycobiology. Nat. Chem. Biol. 8 (8), 683–694. doi:10.1038/nchembio.1029
 Goto, Y., Uematsu, S., and Kiyono, H. (2016). Epithelial glycosylation in gut homeostasis and inflammation. Nat. Immunol. 17 (11), 1244–1251. doi:10.1038/ni.3587
 Iijima, J., Kobayashi, S., Kitazume, S., Kizuka, Y., Fujinawa, R., Korekane, H., et al. (2017). Core fucose is critical for CD14-dependent Toll-like receptor 4 signaling. Glycobiology 27 (11), 1006–1015. doi:10.1093/glycob/cwx075
 Klaassen, C. D., and Reisman, S. A. (2010). Nrf2 the rescue: Effects of the antioxidative/electrophilic response on the liver. Toxicol. Appl. Pharmacol. 244 (1), 57–65. doi:10.1016/j.taap.2010.01.013
 Lee, W. M. (2017). Acetaminophen (APAP) hepatotoxicity—isn’t it time for APAP to go away?J. Hepatol. 67 (6), 1324–1331. doi:10.1016/j.jhep.2017.07.005
 Li, G., Liu, H., Feng, R., Kang, T., Wang, W., Ko, C., et al. (2021). A bioactive ligand-conjugated iridium(III) metal-based complex as a Keap1-Nrf2 protein-protein interaction inhibitor against acetaminophen-induced acute liver injury. Redox Biol. 48, 102129. doi:10.1016/j.redox.2021.102129
 Li, J., Hsu, H.-C., Mountz, J. D., and Allen, J. G. (2018). Unmasking fucosylation: From cell adhesion to immune system regulation and diseases. Cell Chem. Biol. 25 (5), 499–512. doi:10.1016/j.chembiol.2018.02.005
 Liang, C., Fukuda, T., Isaji, T., Duan, C., Song, W., Wang, Y., et al. (2021). α1, 6-Fucosyltransferase contributes to cell migration and proliferation as well as to cancer stemness features in pancreatic carcinoma.Biochim. Biophys. Acta. Gen. Subj. 1865 (6), 129870. doi:10.1016/j.bbagen.2021.129870
 Liu, Y.-C., Yen, H.-Y., Chen, C.-Y., Chen, C.-H., Cheng, P.-F., Juan, Y.-H., et al. (2011). Sialylation and fucosylation of epidermal growth factor receptor suppress its dimerization and activation in lung cancer cells. Proc. Natl. Acad. Sci. U. S. A. 108 (28), 11332–11337. doi:10.1073/pnas.1107385108
 Lu, X., Zhang, D., Shoji, H., Duan, C., Zhang, G., Isaji, T., et al. (2019). Deficiency of α1, 6-fucosyltransferase promotes neuroinflammation by increasing the sensitivity of glial cells to inflammatory mediators.Biochim. Biophys. Acta. Gen. Subj. 1863 (3), 598–608. doi:10.1016/j.bbagen.2018.12.008
 Morgan, M. J., and Liu, Z. G. (2011). Crosstalk of reactive oxygen species and NF-κB signaling.Cell Res. 21 (1), 103–115. doi:10.1038/cr.2010.178
 Okeley, N. M., Alley, S. C., Anderson, M. E., Boursalian, T. E., Burke, P. J., Emmerton, K. M., et al. (2013). Development of orally active inhibitors of protein and cellular fucosylation. Proc. Natl. Acad. Sci. U. S. A. 110 (14), 5404–5409. doi:10.1073/pnas.1222263110
 Paine, A., Eiz-Vesper, B., Blasczyk, R., and Immenschuh, S. (2010). Signaling to heme oxygenase-1 and its anti-inflammatory therapeutic potential. Biochem. Pharmacol. 80 (12), 1895–1903. doi:10.1016/j.bcp.2010.07.014
 Ramachandran, A., and Jaeschke, H. (2018). Acetaminophen toxicity: Novel insights into mechanisms and future perspectives. Gene Expr. 18 (1), 19–30. doi:10.3727/105221617X15084371374138
 Ross, D., and Siegel, D. (2021). The diverse functionality of NQO1 and its roles in redox control. Redox Biol. 41, 101950. doi:10.1016/j.redox.2021.101950
 Stravitz, R. T., and Lee, W. M. (2019). Acute liver failure. Lancet 394 (10201), 869–881. doi:10.1016/s0140-6736(19)31894-x
 Wang, X., Gu, J., Ihara, H., Miyoshi, E., Honke, K., and Taniguchi, N. (2006). Core fucosylation regulates epidermal growth factor receptor-mediated intracellular signaling. J. Biol. Chem. 281 (5), 2572–2577. doi:10.1074/jbc.M510893200
 Wang, Y., Fukuda, T., Isaji, T., Lu, J., Gu, W., Lee, H.-h., et al. (2015). Loss of α1, 6-fucosyltransferase suppressed liver regeneration: Implication of core fucose in the regulation of growth factor receptor-mediated cellular signaling. Sci. Rep. 5 (1), 8264. doi:10.1038/srep08264
 Wang, Y., Fukuda, T., Isaji, T., Lu, J., Im, S., Hang, Q., et al. (2015). Loss of α1, 6-fucosyltransferase inhibits chemical-induced hepatocellular carcinoma and tumorigenesis by down-regulating several cell signaling pathways.FASEB J. 29 (8), 3217–3227. doi:10.1096/fj.15-270710
 Wu, C., Deng, J., Huang, W., Shieh, P., Chung, M., and Huang, G. (2019). Salvianolic acid C against acetaminophen-induced acute liver injury by attenuating inflammation, oxidative stress, and apoptosis through inhibition of the Keap1/Nrf2/HO-1 signaling. Oxid. Med. Cell. Longev. 2019, 9056845. doi:10.1155/2019/9056845
 Yan, M., Huo, Y., Yin, S., and Hu, H. (2018). Mechanisms of acetaminophen-induced liver injury and its implications for therapeutic interventions. Redox Biol. 17, 274–283. doi:10.1016/j.redox.2018.04.019
 Zeng, Y., Hua, Y. Q., Wang, W., Zhang, H., and Xu, X. L. (2020). Modulation of SIRT1-mediated signaling cascades in the liver contributes to the amelioration of nonalcoholic steatohepatitis in high fat fed middle-aged LDL receptor knockout mice by dihydromyricetin. Biochem. Pharmacol. 175, 113927. doi:10.1016/j.bcp.2020.113927
 Zhang, J., Wang, X., Vikash, V., Ye, Q., Wu, D., Liu, Y., et al. (2016). ROS and ROS-mediated cellular signaling. Oxid. Med. Cell. Longev. 2016, 4350965. doi:10.1155/2016/4350965
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Liu, Tu, Shi, Zhou, Meng, Gu and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-13-939317-g005.gif





OPS/images/fphar-13-939317-g006.gif





OPS/images/fphar-13-939317-g003.gif





OPS/images/fphar-13-939317-g004.gif





OPS/images/fphar-13-939317-g007.gif





OPS/images/fphar-13-939317-g008.gif
: ~EZ i

:m - | S TP
zzmees [l Pl

' i [iiﬁl[

# T "

i

— Em— ]






OPS/xhtml/nav.xhtml
Contents

		Cover

		Inhibition of fucosylation by 2-fluorofucose attenuated acetaminophen-induced liver injury via its anti-inflammation and anti-oxidative stress effects		Introduction

		Materials and methods		Animal treatment

		Cell treatment

		Reagents

		Hematoxylin & eosin staining

		Electron microscopy

		Fluorescence probe-dihydroethidium staining

		MDA and GSH Assay

		ELISA assay

		Enzyme activity assay

		Western blot and lectin blot assay

		Statistical analysis





		Results		Pretreatment with 2FF alleviated APAP-induced acute liver injury in mice

		Pretreatment with 2FF suppressed oxidative stress in APAP-treated mouse liver

		Pretreatment with 2FF affected Nrf2-mediated signal pathway in APAP-treated mice

		Pretreatment with 2FF inhibited inflammatory response in APAP-induced acute liver injury

		Alterations of the N-linked glycans in APAP-induced acute liver injury

		2FF and FUT8 deficiency relieved APAP-induced cell damage in HepG2 cells

		2FF and FUT8 deficiency relieved APAP-induced oxidative stress in HepG2 cells

		2FF and FUT8 deficiency influenced APAP-induced inflammatory response in HepG2 cells





		Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

Inhibition of fucosylation by 2-
fluorofucose attenuated
acetaminophen-induced liver
injury via its anti-inflammation
and anti-oxidative stress effects





OPS/images/fphar-13-939317-g001.gif





OPS/images/fphar-13-939317-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





