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Introduction: Sustained hyperglycemia causes glucotoxicity, which has been regarded as a contributor to hepatocyte damage in type 2 diabetes (T2D) and its metabolic comorbidities. Honokiol is a natural biphenolic component derived from the dietary supplement Magnolia officinalis extract. This study aimed to investigate the effects of honokiol on glucose metabolism disorders and oxidative stress in hepatocytes and the underlying mechanisms.

Methods: HepG2 cells were treated with glucosamines (18 mM) to induce glucotoxicity as a diabetic complication model in vitro.

Results and discussion: Honokiol significantly increased glucose consumption, elevated 2-NBDG uptake, and promoted GLUT2 translocation to the plasma membrane in glucosamine-treated HepG2 cells, indicating that honokiol ameliorates glucose metabolism disorders. Furthermore, glucosamine-induced ROS accumulation and loss of mitochondrial membrane potential were markedly reduced by honokiol, suggesting that honokiol alleviated glucotoxicity-induced oxidative stress. These effects were largely abolished by compound C, an AMPK inhibitor, suggesting an AMPK activation-dependent manner of honokiol function in promoting glucose metabolism and mitigating oxidative stress. Molecular docking results revealed that honokiol could interact with the amino acid residues (His151, Arg152, Lys243, Arg70, Lys170, and His298) in the active site of AMPK. These findings provide new insights into the antidiabetic effect of honokiol, which may be a promising agent for the prevention and treatment of T2D and associated metabolic comorbidities.
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Introduction

The incidence and prevalence of type 2 diabetes (T2D) are on the rise worldwide and have reached alarming levels. It is estimated to increase from 536.6 million in 2021 to 783.2 million by 2045 (1). Microvascular (retinopathy, nephropathy, and neuropathy) and macrovascular (atherosclerosis) complications associated with diabetes are the major causes of disability and mortality among patients with T2D (2, 3). Sustained hyperglycemia in T2D impairs insulin-stimulated glucose uptake and utilization by peripheral tissues, including the liver, which gives rise to insulin resistance (IR) (4, 5). In the liver, IR impedes the normal glucose metabolism process, which elevates hepatic endogenous glucose production through increased gluconeogenesis and decreased glycogen synthesis (6). Accumulation of excess glucose in hepatocytes induces glucotoxicity (7). In a diabetic liver, glucotoxicity exacerbates oxidative stress, eliciting glucose metabolism disorders (8, 9).

The nutrient-sensing hexosamine biosynthetic pathway (HBP), a glucose metabolic pathway branching off from main glycolysis, mediates glucotoxicity and is strongly associated with diabetic complications (10–12). As a metabolite of HBP, glucosamine increases HBP flux and promotes IR by inhibiting insulin-stimulated glycogen synthesis and glucose uptake in hepatocytes (13, 14). It also impairs glucose transporter 2 (GLUT-2) translocation from an intracellular pool to the plasma membrane, reducing glucose uptake in hepatocytes (15). In addition, glucosamine-induced glucotoxicity impairs the mitochondrial function in hepatocytes, increases ROS production, and causes oxidative stress (16). Hence, it is of great significance to develop natural plant extracts that improve glucose metabolism disorders and alleviate oxidative stress in hepatocytes to prevent the occurrence and development of diabetes and its complications.

AMP-activated protein kinase (AMPK) is a serine/threonine protein kinase that regulates cellular energy homeostasis and plays an essential role in hepatic metabolism (17, 18). Liver AMPK controls glucose homeostasis mainly by suppressing hepatic glucose production and decreasing the expression of genes involved in hepatic gluconeogenetic genes, which protects against hepatic IR (19, 20). Under fasting conditions, AMPK activation enhances energy metabolism by upregulating mitochondrial function in the liver to respond to energy deficiency (21). Conversely, excess nutrients suppress AMPK phosphorylation in the liver and hepatocytes, which triggers increased HBP flux (22). In addition, activation of AMPK alleviates oxidative stress by reducing fatty acid synthesis, promoting NADPH synthesis, and limiting its consumption for maintaining cellular redox and metabolic homeostasis (23, 24). Collectively, AMPK is regarded as a potential therapeutic target against hepatic glucose metabolism disorders and oxidative stress in T2D.

Natural products from plants are excellent sources of therapeutic agents (25). Magnolia officinalis, a Chinese medicinal herb, includes two major species, namely, M. officinalis Rehder & E.H. Wilson and M. officinalis var. biloba Rehder & E.H. Wilson (26). Recently, M. officinalis extract has been used for dietary supplements and medicinal purposes worldwide (27–29). It contains various nutrients and phytochemical components, such as lignans, phenylethanoid glycosides, phenolic glycosides, alkaloids, steroids, and essential oils, which enable it to display anti-oxidative, anti-inflammatory, and anxiolytic effects (30). Phenylethanoid glycosides isolated from M. officinalis var. biloba fruits display free radical scavenging activities (28). Magnolol and its isomer honokiol, two lignan compounds, are major bioactive ingredients of M. officinalis (31). Magnolol exhibits multiple beneficial effects on T2D and its complications via improving glucose homeostasis, promoting lipid metabolism, and reducing oxidative stress and inflammation (32). Honokiol, an isolated dietary biphenolic natural product from the bark, leaves, and root of M. officinalis, demonstrated pleiotropic bioactivities such as anti-oxidation, anti-inflammation, hepatoprotection, anti-obesity, and antidiabetes (33–35). However, no previous studies have reported the glucotoxicity-protecting effect of honokiol in hepatocytes. Notably, some studies have reported that honokiol can activate AMPK phosphorylation, improving hepatocyte lipid metabolism. However, whether honokiol can directly bind to AMPK does not have computational molecular docking analyses. It is still unclear if honokiol ameliorates glucotoxicity-induced glucose metabolism disorders and oxidative stress is AMPK-dependent (36, 37).

In this study, molecular docking was performed to investigate whether honokiol could directly bind to AMPK active sites. Glucosamine was used as an in vitro model of diabetic complications to assess the antidiabetic activity of honokiol. We examined changes in glucose consumption, 2-NBDG uptake, GLUT2 translocation, production of ROS, and mitochondrial membrane potential in HepG2 cells treated with glucosamine with or without honokiol. Application of compound C, a selective AMPK inhibitor, estimated whether these beneficial effects of honokiol were AMPK-dependent. This study will provide new insights into the antidiabetic potential of honokiol.



Materials and methods


Materials and reagents

Honokiol was purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Compound C was purchased from Selleck (Shanghai, China). Dulbecco's Modified Eagle's Medium (DMEM), Dulbecco's Phosphate Buffered Saline 1X (DPBS, #14190250), trypsin/EDTA, penicillin, and streptomycin were purchased from Gibco (Grand Island, NY). Fetal bovine serum (FBS) was purchased from Biological Industries (Beit-Haemek, Israel). Dimethyl sulfoxide (DMSO) and rosiglitazone were purchased from Sigma-Aldrich (St. Louis, MO, USA). Glucosamine, Insulin, Cell Counting Kit-8 (CCK-8) Kits, RIPA Lysis Buffer, Membrane and Cytosol Protein Extraction Kit, Bicinchoninic Acid (BCA) Protein Assay Kit, Hoechst 33342 Staining Solution for Live Cells, and Mitochondrial Membrane Potential Assay Kit with JC-1 were purchased from Beyotime Biotechnology (Shanghai, China). Glucose Assay Kit was purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). 2-NBDG (2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino)-2-deoxyglucose) was obtained from Invitrogen (Carlsbad, CA, USA). The primary antibodies against total AMPK, phospho-AMPK (Thr172) and GAPDH were purchased from Cell Signaling Technology (Beverly, USA). Primary antibody against glucose transporter type 2 (GLUT2) was purchased from Proteintech Group, Inc. (Wuhan, China). Anti-Na+/K+-ATPase α-1 was purchased from Jingjie PTM BioLab Co. Ltd. (Hangzhou, China). The human hepatic HepG2 cell lines were originally obtained from the Cell Bank of the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China).



HepG2 cell culture and viability assay

Human hepatic HepG2 cells were cultured in DMEM/high glucose supplement with 10% FBS, penicillin G (100 U/ml), and streptomycin (100 μg/ml) at 37°C in a humidified atmosphere with 5% CO2. The CCK-8 assay was used to evaluate the viability of HepG2 cells according to the manufacturer's instructions. Briefly, HepG2 cells were seeded in 96-well plates. After overnight incubation, the cells were treated with honokiol (3.125–800 μM) for 18 h or 24 h. Then, 10 μl of CCK-8 was added to each well, and the cells were incubated under conditions of 37°C and 5% CO2 for 2 h. The absorbance was measured at 450 nm using the Tecan Spark multimode microplate reader (Tecan, Männedorf, Switzerland). The following formula was used to calculate the cell viability: cell viability (%) = [A (treatment group) – A (blank)]/[A (control) – A (blank)] × 100%.



Diabetic complication model in vitro and drug treatment

The diabetic complication model was induced by glucosamine, as previously described (13). Briefly, HepG2 cells were cultured in high-glucose DMEM supplemented with 10% FBS. The medium was changed after reaching 75% confluence. HepG2 cells were treated with 18 mM glucosamine for 18 h in the serum-free DMEM medium with low glucose to induce glucotoxicity. Before drug treatment, the cells were starved for 4 h in a serum-free DMEM medium with low-glucose levels. HepG2 cells were then cultured with 18 mM glucosamine and co-treated with honokiol or rosiglitazone (positive drug control) for 18 h. The control group was administered the same amount of DPBS. To determine whether honokiol regulates phosphorylation of AMPK, HepG2 cells were pretreated with the AMPK inhibitor compound C (5 μM) for 30 min, followed by treatment with 18 mM glucosamine and co-treated with honokiol for 18 h.



Glucose consumption assay

HepG2 cells were treated with or without 18 mM glucosamine and co-treated with or without honokiol in 96-well plates for 18 h. The glucose content in the supernatant of each well was detected at 505 nm using a glucose assay kit (glucose oxidase method) according to the manufacturer's instructions. The glucose consumption in cell supernatant was calculated by subtracting the measured glucose concentration in the medium from the glucose concentration of the original DMEM media. Then, glucose consumption was normalized to the cell number using the CCK-8 assay in each well.



Glucose uptake assay

Glucose uptake was measured using the fluorescently labeled deoxyglucose analog, 2-NBDG, as described previously (38). Briefly, HepG2 cells were seeded into a 12-well plate and were maintained in a serum-free medium for 4 h. The test compound was added to each cell sample. Following treatments for 18 h, insulin (100 nM) was administered for 30 min. Next, HepG2 cells were treated with 200 μM 2-NBDG for 30 min incubation at 37°C and then washed 3 times with PBS. 2-NBDG-treated HepG2 cells were transferred into a black 96-well plate. The fluorescence was measured using the Tecan Spark multimode microplate reader (Tecan, Männedorf, Switzerland), set at an excitation wavelength of 488 nm and an emission wavelength of 542 nm. For 2-NBDG visualization analyses, HepG2 cells were cultured in a chamber slide. The cell nuclei were stained with Hoechst 33342 staining solution for live cells for 10 min. The image was taken using a fluorescent microscope (Leica DM4000, Germany). The mean fluorescence intensity was quantified using the StrataQuest software module (TissueGnostic, Vienna, Austria). The fluorescence intensity was normalized to the cell number with Hoechst 33342. The 2-NBDG-uptake of cells was expressed as a percentage of control cells.



Reactive oxygen species (ROS) assays

Intracellular ROS levels were generally measured using a ROS assay kit following the manufacturer's instructions. HepG2 cells were seeded in a 12-well plate and were serum-starved for 4 h. After appropriate treatment, HepG2 cells were washed 3 times with PBS and incubated with 10 μM DCFH-DA for 30 min at 37°C. DCFH-DA can freely diffuse through the cell membrane and be hydrolyzed into DCFH by ester enzymes after entering cells. Intracellular ROS can convert DCFH to fluorescent DCF. The detection of DCF fluorescence represents the intracellular level of active oxygen. HepG2 cells were washed with PBS twice (pH 7.4), and the cell nuclei were stained with Hoechst 33342 staining solution for live cells for 10 min. DCF fluorescence images were acquired using a fluorescence microscope (Leica DM 4000, Germany). ROS levels were quantified using the StrataQuest software module (TissueGnostic, Vienna, Austria). The ROS levels in cells are expressed as a percentage of control cells.



Mitochondrial membrane potential measurement

The mitochondrial membrane potential of HepG2 cells was determined with a Mitochondrial Membrane Potential Assay Kit with JC-1. HepG2 cells were cultured with 18 mM glucosamine and co-treated with honokiol for 18 h. HepG2 cells were incubated with JC-1 at 37°C for 30 min in the dark and then washed two times with PBS. The image was taken using a fluorescent microscope (Leica DM4000, Germany). The JC-1 red/green fluorescence intensity ratio of each sample was calculated.



Immunofluorescence assays

Membrane translocation of GLUT2 from intracellular vesicles to the plasma membrane in HepG2 cells was observed by immunofluorescence staining. Briefly, HepG2 cells were seeded on sterile glass coverslips and were gently washed 3 times with PBS. Cells were fixed in freshly prepared 4% paraformaldehyde at room temperature for 25 min. Coverslip was rinsed with PBS 3 times for 3 min each. For 30 min, 10% goat serum was used to block at room temperature, and then the goat serum was discarded. Anti-GLUT2 antibody was added, and the cells were incubated at 37°C for 1 h protected from light. After washing, cells were incubated with the Alexa Fluor 488-conjugated Donkey anti-Goat IgG (H+L) at 37°C for 1 h protected from light. The coverslips were mounted on microscope slides and sealed with an antifade solution, and nuclei were stained with DAPI. Images were captured using a fluorescence microscope (Leica DM 4000, Germany).



Western blot analysis

The treated HepG2 cells were washed two times with PBS (pH 7.4) and lysed in RIPA lysis buffer to detect total AMPK and phosphorylated AMPK. The membrane proteins were extracted using a Membrane and Cytosol Protein Extraction Kit, following the manufacturer's instructions. Protein concentration was measured with the BCA Kit. A 5 × SDS loading buffer was added. Protein samples were separated by SDS-PAGE and transferred to a PVDF membrane. Then the membranes were incubated with specific primary antibodies, followed by incubation with the appropriate secondary horseradish peroxidase-conjugated antibodies. Immunoblots were captured using the iBright 1500 imaging system (Thermo Fisher). The levels of protein were normalized to GAPDH expression. Quantification of immunoblotting band intensity was performed using Image J.



Molecular docking

Molecular docking was performed using Discovery Studio 2021 (Dassault Systèmes BIOVIA, San Diego, CA), following the standard procedures (39). The co-crystal structure of AMPK with an AMPK agonist was obtained from the RSCB Protein Data Bank (PDB ID: 4ZHX). 4ZHX is a structure of AMPK complexed with its agonist (Pubchem ID: 49870838), which facilitates the precise location of AMPK protein activity sites. Honokiol was docked into the active sites on the docking pocket, which was created according to the position of the agonist of AMPK. The x, y, and z coordinates of the active pocket box center of AMPK were set to 77.525835, 13.612198, and 33.299745, respectively. The radius of the active pocket was set to 17 Å. The docking study employed CDOCKER, an effective method for docking, to conduct a semiflexible docking algorithm based on molecular dynamics simulations. CDOCKER is an accurate docking technology in Discovery Studio. The binding modes were analyzed by Discovery Studio 2021.



Statistical analysis

All of the experiments were performed using at least three independent experiments per sample, and the data were presented as the means ± SEM. Differences among multiple groups were analyzed using one-way ANOVA, and two groups were compared by a two-tailed Student t-test by GraphPad Prism 8. The p-values of less than 0.001 were considered highly statistically significant, while p-values of less than 0.01 or 0.05 were considered statistically significant.




Results


Honokiol increased glucosamine-induced glucose consumption and promoted 2-NBDG uptake in HepG2 cells

Various concentrations of honokiol were tested to identify a favorable safe dosage for investigating the protective effects of honokiol on glucosamine-induced HepG2 cells. The results showed that honokiol could inhibit the proliferation of HepG2 cells in a dose-dependent manner, with 50% inhibition concentration (IC50) at 18 h of 25.86 μM and 24 h of 25.20 μM. Compared with untreated cells, cell viability was not obviously affected by honokiol at concentrations of 6.25 μM and 12.5 μM (Figure 1A).


[image: Figure 1]
FIGURE 1
 The effect of honokiol on cell viability and glucose consumption in glucosamine-induced insulin resistance in HepG2 cells. (A) Cell viability of HepG2 cells cultured in the presence of various concentrations of honokiol (3.12–800 μM) for 18 h or 24 h, as analyzed by CCK-8 assay; results were expressed as mean ± SEM (n = 6). (B) Relative cell viability treated with 6.25 and 12.5 μM honokiol and co-treated with/without 18 mM glucosamine. (C) Glucose consumption in groups treated with honokiol (6.25, 12.5 μM) and co-treated with/without glucosamine (18 mM). Rosiglitazone (10 μM) as a positive drug control. Glucose consumption was normalized by cell viability in each well. (D) The 2-NBDG uptake assay performed in cultured HepG2 cells. Cells in 12-well culture plates were stimulated with 100 nM insulin. After the stimulation, 2-NBDG uptake in cells was measured. Data are presented as the means ± SEM (n = 6). ### p < 0.001 compared with the control cells; *p < 0.05, **p < 0.01, *** p < 0.001 compared with the glucosamine-induced cells, ns indicates no significant difference compared with the glucosamine-induced cells.


The diabetic complication model in vitro was induced by high concentrations of glucosamine in HepG2 cells and confirmed by glucose consumption and the 2-NBDG uptake assay. HepG2 cells were treated with 18 mM glucosamine for 18 h, reducing the viability to 85.08% compared with the control group. However, the combined treatment of honokiol and glucosamine did not affect the cell viability compared with glucosamine-treated cells (Figure 1B). Glucose consumption was significantly reduced after glucosamine treatment in HepG2 cells. Honokiol and rosiglitazone (positive drug control) markedly increased glucose consumption in glucosamine-induced HepG2 cells (Figure 1C). In addition, the effect of honokiol on insulin-stimulated glucose uptake was determined by 2-NBDG. The results demonstrated that honokiol remarkably increased the glucose uptake in the glucosamine-induced HepG2 cells (Figure 1D). These results suggested that honokiol promoted glucose metabolism to alleviate glucosamine-induced glucotoxicity in HepG2 cells.



Honokiol was predicted to bind to AMPK

Docking analysis revealed that honokiol could bind to the same active site of AMPK agonist (40). The estimated binding free energy is −14.2637 kcal/mol. Furthermore, honokiol formed interactions with residuals of His151, Arg152, and Lys243, which was in accordance with a reported AMPK agonist (Pubchem ID: 49870938). Honokiol also formed other interactions, including hydrogen bonds with Arg70 and Pi-alkyl interaction with Lys170 and His298 (Figure 2). These data suggested that honokiol is a potent activator of AMPK.


[image: Figure 2]
FIGURE 2
 The predicted binding mode of honokiol with AMPK. (A) The chemical structure of honokiol; (B) The 3D binding models of honokiol (green); and a reported AMPK agonist (yellow) with AMPK. (C) The 2D binding interaction of honokiol and AMPK. (D) The 2D binding interaction of an AMPK agonist 5-(5-hydroxyl-isoxazol-3-yl)-furan-2-phosphonic acid, and AMPK.




Honokiol ameliorates glucose metabolism disorder by directly activating AMPK in glucosamine-induced HepG2 cells

It was known that liver AMPK activation improved hepatic IR in hepatocytes (41, 42). Therefore, to further explore whether honokiol improved glucosamine-induced IR by activating AMPK, the HepG2 cells were pretreated with or without compound C (5 μM), a specific AMPK inhibitor, for 30 min. Then, HepG2 cells were treated with 18 mM glucosamine to induce IR and co-treated with 6.25 μM honokiol for 18 h. After treatment with compound C and glucosamine alone, the phosphorylated AMPK levels in HepG2 cells were significantly reduced. However, treatment with honokiol upregulated phosphorylation of AMPK, and compound C significantly decreased honokiol-induced AMPK activation in glucosamine-induced HepG2 cells (Figures 3A,B). Accordingly, compound C essentially abolished the beneficial effects of honokiol on glucose consumption and uptake in glucosamine-induced HepG2 cells, indicating that honokiol ameliorates glucotoxicity-induced IR by activating AMPK (Figures 3C–F).


[image: Figure 3]
FIGURE 3
 Honokiol improved insulin resistance by directly activating AMPK in glucosamine-induced HepG2 cells. HepG2 cells were pretreated with/without AMPK inhibitor compound C (5 μM) for 30 min and then glucosamine (18 mM) induced HepG2 cells co-treated with honokiol (6.25 μM) for 18 h and incubated with insulin (100 nM) for another 30 min. (A,B) The protein expression and relative quantitative data of p-AMPK (Thr 172) and AMPK in HepG2 cells; n = 3 for each group. (C,D) Relative cell viability and glucose consumption in groups treated with PBS, 18 mM glucosamine, 18 mM glucosamine + 6.25 μM honokiol, and 18 mM glucosamine + 6.25 μM honokiol +5 μM compound C. (E) The glucose uptake was then detected by 2-NDBG fluorescence probe, and the nuclei were stained with Hoechst 33342. Scale bar, 50 μm. (F) The mean fluorescence intensities of 2-NBDG (green) were analyzed using StrataQuest software; n = 3 for each group. Data are presented as the means ± SEM. ### p < 0.001 compared with the control cells; *p < 0.05, **p < 0.01, *** p < 0.001 compared with the glucosamine-induced cells, ns indicates no significant difference compared with glucosamine-induced cells. Abbreviation: CON, control; GLU, glucosamine; GLU+HON, glucosamine + honokiol; GLU+HON+C, glucosamine + honokiol+ compound C.




Honokiol promoted GLUT2 translocation from cytoplasm to the plasma membrane in an AMPK-dependent manner in glucosamine-induced HepG2 cells

To further investigate whether honokiol elevated glucose uptake by promoting the translocation of GLUT2 and whether the beneficial effect was related to AMPK activation, the translocation of GLUT2 from the cytoplasm to the membrane was examined by immunofluorescence assays. As shown in Figure 4, glucosamine treatment caused an apparent blockage of GLUT2 translocation in HepG2 cells compared with the control group, and honokiol significantly promoted the glucosamine-induced GLUT2 translocation, thus restoring glucose uptake in glucosamine-induced HepG2 cells. Furthermore, the honokiol-mediated GLUT2 translocation effect was largely blocked by compound C in glucosamine-induced HepG2 cells, indicating that honokiol enhanced glucosamine-induced GLUT2 translocation from the cytoplasm to the membrane by activating AMPK.


[image: Figure 4]
FIGURE 4
 Honokiol restored glucosamine-induced impairment of GLUT2 translocation via activation of AMPK in HepG2 cells. HepG2 cells were pretreated with/without AMPK inhibitor compound C (5 μM) for 30 min and then were incubated with 18 mM glucosamine in the absence or presence of honokiol (6.25 μM) for 18 h and incubated with insulin (100 nM) for another 30 min. (A) Translocation of GLUT2 (green) from the cytoplasm to the cell membrane was assayed using immunofluorescence staining. The nuclei were stained by DAPI (blue). Scale bar, 10 μm. (B) Expression of membrane GLUT2 was detected by Western blot. Na+/K+-ATPase α1 was used as a loading control. (C) Quantification of membrane GLUT2. Data are presented as the means ± SEM. ### p < 0.001 compared with the control cells; *p < 0.05, **p < 0.01, *** p < 0.001 compared with the glucosamine-induced cells. Abbreviation: CON, control; GLU, glucosamine; GLU+HON, glucosamine + honokiol; GLU+HON+C, glucosamine + honokiol+ compound C.




Honokiol inhibited ROS overproduction via directly activating AMPK in glucosamine-induced HepG2 cells

Oxidative stress was strongly associated with hepatic IR. The increased level of ROS, which led to oxidative stress, was one of the primary causes of IR (43, 44). To determine whether honokiol could eliminate excessive ROS induced by glucosamine in HepG2 cells, ROS production was determined using DCF-DA labeling, and the mean DCF fluorescence intensity was determined by image analysis. Glucosamine treatment led to increased production of ROS compared with the control group, and honokiol markedly reduced the glucosamine-induced intracellular ROS level. Treatment with compound C largely eliminated the decrease in honokiol-mediated ROS production (Figure 5).
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FIGURE 5
 Honokiol-inhibited glucosamine-induced ROS overproduction was AMPK-dependent in HepG2 cells. (A) Representative images of ROS level-derived DCF green fluorescence of HepG2 cells treated with PBS, 18 mM glucosamine, 18 mM glucosamine + 6.25 μM honokiol, 18 mM glucosamine + 6.25 μM honokiol +5 μM compound C. The nuclei were stained with Hoechst 33342. Scale bar, 50 μm. (B) Relative mean fluorescence intensities of ROS were quantified using StrataQuest software. Data are presented as the means ± SEM (n = 3). ### p < 0.001 compared with the control cells; *p < 0.05, **p < 0.01, ***p < 0.001 compared with the glucosamine-induced cells. Abbreviation: CON, control; GLU, glucosamine; GLU+HON, glucosamine + honokiol; GLU+HON+C, glucosamine + honokiol+ compound C.




Honokiol prevented glucosamine-induced loss of mitochondrial membrane potential in HepG2 cells via directly activating AMPK

Cellular ROS levels are closely related to mitochondrial function. Overproduction of ROS leads to the loss of mitochondrial membrane potential (45, 46). To further investigate whether honokiol could protect mitochondrial function under glucosamine-induced stress, the mitochondrial membrane potential was determined by JC-1 staining. Glucosamine alone treatment resulted in the loss of mitochondrial membrane potential compared with the control group. Honokiol co-treatment significantly reversed the loss of glucosamine-elicited mitochondrial membrane potential, indicating that honokiol had a protective effect on the disruption of mitochondrial function caused by glucosamine. The beneficial effect of honokiol on mitochondrial function was largely abrogated by inhibiting AMPK activity with AMPK inhibitor compound C, indicating that honokiol inhibited glucosamine-induced loss of mitochondrial membrane potential by activating AMPK in HepG2 cells (Figure 6). Taken together, honokiol had a positive effect on reducing oxidative stress by directly activating AMPK in glucosamine-induced HepG2 cells.
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FIGURE 6
 Honokiol activating AMPK to prevent glucosamine-induced loss of mitochondrial membrane potential (MMP) in HepG2 cells. The red color indicates healthy cells with high MMP, and the green color indicates low MMP. (A) Representative images of JC-1 derived red and green fluorescence of HepG2 cells treated with PBS, 18 mM glucosamine, 18 mM glucosamine + 6.25 μM honokiol, and 18 mM glucosamine + 6.25 μM honokiol +5 μM compound C. Scale bar, 50 μm. (B) Mitochondrial membrane potential calculated as the ratio of red to green JC-1 fluorescence and expressed as a percentage of control. Data are presented as the means ± SEM (n = 3). ### p < 0.001 compared with the control cells; *p < 0.05, **p < 0.01, *** p < 0.001 compared with the glucosamine-induced cells. Abbreviation: CON, control; GLU, glucosamine; GLU+HON, glucosamine + honokiol; GLU+HON+C, glucosamine + honokiol+ compound C.





Discussion

Fasting hyperglycemia is attributed to the increase in hepatic endogenous glucose production and gluconeogenesis caused by hepatic IR at an early stage in the natural history of T2D (47). During diabetes progression, sustained hyperglycemia induces glucotoxicity, which leads to diabetic complications (48). A limitation of diabetic complication studies is the absence of suitable in vitro models for rapidly screening potential antidiabetic agents. Glucosamine, an endogenous metabolite of HBP, is thought to be a promising inducer for in vitro models of diabetic complications studies. Persistent fasting and postprandial hyperglycemia in diabetic complications increase flux through the HBP and associated protein O-GlcNAcylation, which results in increased endogenous glucosamine that impairs insulin action and triggers oxidative stress (11, 49, 50). Exogenous glucosamine is transported into hepatocytes by GLUT-2 and further metabolized to N-acetylglucosamine (GlcNAc), the end product of HBP, which is used as a donor for protein O-GlcNAcylation (51, 52). Using in vitro models of glucosamine-induced hepatic IR and oxidative stress can effectively characterize in vivo metabolic burdens in patients with diabetic complications, which would provide some insights into the role of antidiabetic agents. In our study, exposure of HepG2 cells to a high concentration of glucosamine alone (18 mM) inhibited glucose uptake and translocation of GLUT2 from the cytoplasm to the cell membrane, which agreed with the previous study (15, 53). Meanwhile, glucosamine induces the accumulation of ROS and loss of mitochondrial membrane potential. These findings mimicked glucotoxicity-induced hepatic IR and oxidative stress in diabetic complications. Based on this model, we explored the antidiabetic effect and the mechanisms of honokiol, an active component of the dietary supplement M. officinalis extract.

Traditionally, M. officinalis, a Chinese medicinal herb, has been used for thousands of years to treat gastrointestinal disorders (abdominal distention, vomiting, diarrhea, constipation, etc.) and asthma (26, 30, 54). Recently, M. officinalis extract has been used as a new food ingredient and is classified as “generally regarded as safe” (GRAS) by the United States Food and Drug Administration (FDA) following independent recommendation (55, 56). For example, dietary supplements with M. officinalis extract possessed mild anxiolytic and anti-stress effects by reducing cortisol exposure and perceived daily stress in moderately stressed subjects (27, 57). In fact, the addition of 4% M. officinalis extract to chewing gum inhibited plaque formation (58).

Honokiol, as one of the primary active ingredients in M. officinalis, has been shown to exert antidiabetic abilities in multiple animal diabetic models. Hyperglycemia-induced oxidative stress contributes significantly to the development of diabetes and diabetic complications (15). Oxidative stress impairs mitochondrial function and is strongly associated with increased ROS and loss of mitochondrial membrane potential (59–61). There is considerable evidence supporting the antioxidant functionality of honokiol in various diseases, such as cancer, cardiovascular diseases, and neurodegenerative diseases, which has been attributed to the presence of phenolic functions in its structure (62–64). Honokiol prevented the development of diabetes and its multiple complications. As a ROS scavenger, it improved pancreatic β-cell function by attenuating oxidative stress through Nrf2/ARE pathway in diabetic rats (37) and ameliorated diabetic myocardial ischemia/reperfusion (MI/R) injury by reducing oxidative stress by activating the SIRT1-Nrf2 signaling pathway (65). Furthermore, it rescued myocardial energetic dysfunction in diabetes by activating SIRT3-mediated deacetylation of mitochondrial proteins (66) and alleviated lipid-induced hepatic IR by activating SIRT3-mediated lipophagy (37, 67). Collectedly, the antidiabetic effects of honokiol may be attributed to its anti-oxidative property and activation of the deacetylase SIRT3. In this study, we showed that honokiol ameliorated glucosamine-induced glucose metabolism disorder by reversing the reduction of glucose consumption, glucose uptake, and translocation of GLUT2 in human hepatocytes in vitro. A high concentration of glucosamine triggers glucotoxicity, leading to oxidative stress. Honokiol mitigated oxidative stress by reducing ROS accumulation and mitochondrial membrane potential loss in glucosamine-induced HepG2 cells. Overall, these results confirmed the protective effects of honokiol against glucotoxicity-induced glucose metabolism disorder and oxidative stress using an in vitro diabetic complications model.

AMPK is a vital nutrient-sensing enzyme that mediates cellular energy homeostasis, insulin sensitivity, and oxidative metabolism (68, 69). Dysregulation of AMPK activity leads to impaired glucose uptake and mitochondrial metabolism in studies of animals and humans with T2D (70, 71). High glucose inhibited AMPK phosphorylation in the liver and HepG2 hepatocytes (72, 73). Notably, an increase in protein O-GlcNAcylation is considered glucotoxicity and diabetic complications because GlcNAc is produced by HBP, a nutrient-sensing pathway (74). Increased HBP flux reduces AMPK activity, and the inhibition of O-GlcNAcylation has an antidiabetic effect through AMPK activation (75). As expected, our results in this study indicate that glucosamine treatment significantly downregulated AMPK phosphorylation in HepG2 cells.

Therapeutic interventions targeting AMPK represent one of the most effective strategies for treating T2D (41, 76). AMPK activation can improve insulin sensitivity and metabolic health (68). Metformin, a prescribed insulin-sensitizing clinic drug for T2D treatment, improves hepatic glucose metabolism for alleviating IR by activating AMPK (77, 78). However, metformin is often accompanied by side effects such as diarrhea, abdominal or stomach discomfort, and congenital disabilities in offspring (79, 80). M. officinalis, a Chinese medicinal herb, is widely used to treat gastrointestinal disorders, including diarrhea. As a digest-beneficial dietary supplement, its extract, combined with metformin, might represent a new and promising treatment regimen for T2D. Here, we sought to investigate the role of AMPK in the effects of honokiol on glucose metabolism disorders and oxidative stress in glucosamine-induced HepG2 cells. In our study, honokiol effectively activated AMPK in glucosamine-induced HepG2 cells. The molecular docking result showed that honokiol binds to the same active site of AMPK agonist (Pubchem ID: 49870938), suggesting that honokiol, as a potential AMPK agonist, can directly bind to AMPK. Therefore, we postulated that activation of AMPK might be involved in the protective effects of honokiol on hepatic IR and oxidative stress. To test this possibility, HepG2 cells were pretreated with an AMPK inhibitor, compound C. As expected, compound C significantly inhibited the effects of honokiol on glucose consumption, GLUT2 translocation, ROS accumulation, and damage of mitochondrial membrane potential in glucosamine-induced HepG2 cells. Our results suggest that AMPK is required for honokiol to ameliorate glucosamine-induced glucose metabolism disorders and oxidative stress in HepG2 cells.



Conclusion

This study provides the first experimental evidence for the glucotoxicity-protecting effect of honokiol in glucosamine-induced hepatocytes, an in vitro diabetic complication model. Honokiol ameliorated glucose metabolism disorder by increasing glucose consumption, insulin-stimulated 2-NBDG uptake, and translocation of GLUT2 and alleviated oxidative stress by reducing ROS accumulation and loss of mitochondrial membrane potential in glucosamine-induced HepG2 cells. Molecular docking analysis suggested that honokiol could bind to AMPK directly. Honokiol activated AMPK activity in glucosamine-induced HepG2 cells. These effects of honokiol on promoting glucose metabolism and alleviating oxidative stress were largely eliminated by AMPK inhibitor compound C (Figure 7). These findings provide new insights into the antidiabetic effect of honokiol, which may be a promising agent for preventing and treating T2D and its complications.


[image: Figure 7]
FIGURE 7
 Schematic representation of AMPK-dependent antidiabetic activity of honokiol in glucosamine-induced HepG2 cells. Honokiol, an active component of the dietary supplement Magnolia officinalis extract, directly activates AMPK, which improves glucose metabolism disorders by increasing glucose consumption, 2-NBDG uptake, and GLUT2 translocation and alleviates oxidative stress by reducing ROS accumulation and loss of mitochondrial membrane potential in glucosamine-induced HepG2 cells. These effects of honokiol on glucotoxicity-induced glucose metabolism disorder and oxidative stress were largely abolished by AMPK inhibitor compound C.




Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

DL: conceptualization, funding acquisition, project administration, resources, and writing—review and editing. HL and WL: data curation, investigation, and visualization. WL and XK: formal analysis. HL, WL, and JL: methodology. WL and JL: software. XK and LY: supervision. JY, TZ, and LS: validation. WL, HL, and XK: writing—original draft. All authors have read and agreed to the published version of the manuscript.



Funding

This study was supported by the National Natural Science Foundation of China (81773850) and the Science and Technology Major Project of Hunan Province (2017SK1020).



Acknowledgments

We would like to thank TissueGnostics for the quantitative analysis of fluorescence images using StrataQuest software.



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.



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.



Abbreviations

T2D, type 2 diabetes; IR, insulin resistance; AMPK, AMP-activated protein kinase; p-AMPK, phosphorylated AMPK; 2-NBDG, 2-(N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl) amino)-2-deoxyglucose; GLUT2, glucose transporter 2; GLUTs, glucose transporters; ROS, reactive oxygen species; GLU, glucosamine; HON, honokiol; DMEM, Dulbecco's Modified Eagle's Medium; DMSO, dimethyl sulfoxide; FBS, fetal bovine serum; CCK-8, cell counting kit-8; IC50, the half-maximal inhibitory concentration; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HBP, hexosamine biosynthetic pathway.



References

 1. Ogurtsova K, Guariguata L, Barengo NC, Ruiz PL-D, Sacre JW, Karuranga S, et al. Idf diabetes atlas: Global estimates of undiagnosed diabetes in adults for 2021. Diabetes Res Clin Pract. (2021) 183:109118. doi: 10.1016/j.diabres.2021.109118

 2. Cusick M, Meleth AD, Agrón E, Fisher MR, Reed GF, Knatterud GL, et al. Associations of Mortality and Diabetes Complications in Patients with Type 1 and Type 2 Diabetes: Early Treatment Diabetic Retinopathy Study Report No. 27. Diabetes Care. (2005) 28:617–25. doi: 10.2337/diacare.28.3.617

 3. Piechota G, Małkiewicz J, Karwat ID. Type-2 diabetes mellitus as a cause of disability. Przegl Epidemiol. (2004) 58:677–82.

 4. Svensson M, Eriksson JW. Insulin resistance in diabetic nephropathy–cause or consequence? Diabetes Metab Res Rev. (2006) 22:401–10. doi: 10.1002/dmrr.648

 5. Kim JA, Montagnani M, Koh KK, Quon MJ. Reciprocal relationships between insulin resistance and endothelial dysfunction: molecular and pathophysiological mechanisms. Circulation. (2006) 113:1888–904. doi: 10.1161/CIRCULATIONAHA.105.563213

 6. Titchenell PM, Lazar MA, Birnbaum MJ. Unraveling the regulation of hepatic metabolism by insulin. Trends Endocrinol Metab. (2017) 28:497–505. doi: 10.1016/j.tem.2017.03.003

 7. Mota M, Banini BA, Cazanave SC, Sanyal AJ. Molecular mechanisms of lipotoxicity and glucotoxicity in nonalcoholic fatty liver disease. Metabolism. (2016) 65:1049–61. doi: 10.1016/j.metabol.2016.02.014

 8. Du D, Shi YH, Le GW. Oxidative stress induced by high-glucose diet in liver of C57bl/6j mice and its underlying mechanism. Mol Biol Rep. (2010) 37:3833–9. doi: 10.1007/s11033-010-0039-9

 9. Fujimoto Y, Torres TP, Donahue EP, Shiota M. Glucose toxicity is responsible for the development of impaired regulation of endogenous glucose production and hepatic glucokinase in zucker diabetic fatty rats. Diabetes. (2006) 55:2479–90. doi: 10.2337/db05-1511

 10. Buse MG. Hexosamines, insulin resistance, and the complications of diabetes: current status. Am J Physiol Endocrinol Metab. (2006) 290:E1–e8. doi: 10.1152/ajpendo.00329.2005

 11. Del Prato S. Role of glucotoxicity and lipotoxicity in the pathophysiology of type 2 diabetes mellitus and emerging treatment strategies. Diabet Med. (2009) 26:1185–92. doi: 10.1111/j.1464-5491.2009.02847.x

 12. Marshall S, Bacote V, Traxinger RR. Discovery of a metabolic pathway mediating glucose-induced desensitization of the glucose transport system. Role of hexosamine biosynthesis in the induction of insulin resistance. J Biol Chem. (1991) 266:4706–12. doi: 10.1016/S0021-9258(19)67706-9

 13. Sun C, Zhang F, Ge X, Yan T, Chen X, Shi X, et al. Sirt1 improves insulin sensitivity under insulin-resistant conditions by repressing Ptp1b. Cell Metab. (2007) 6:307–19. doi: 10.1016/j.cmet.2007.08.014

 14. Lu M, Lan Y, Xiao J, Song M, Chen C, Liang C, et al. Capsaicin ameliorates the redox imbalance and glucose metabolism disorder in an insulin-resistance model via circadian clock-related mechanisms. J Agric Food Chem. (2019) 67:10089–96. doi: 10.1021/acs.jafc.9b04016

 15. Zhu D, Wang Y, Du Q, Liu Z, Liu X. Cichoric acid reverses insulin resistance and suppresses inflammatory responses in the glucosamine-induced Hepg2 cells. J Agric Food Chem. (2015) 63:10903–13. doi: 10.1021/acs.jafc.5b04533

 16. Yan J, Wang C, Jin Y, Meng Q, Liu Q, Liu Z, et al. Catalpol ameliorates hepatic insulin resistance in type 2 diabetes through acting on Ampk/Nox4/Pi3k/Akt pathway. Pharmacol Res. (2018) 130:466–80. doi: 10.1016/j.phrs.2017.12.026

 17. Herzig S, Shaw RJ. Ampk: guardian of metabolism and mitochondrial homeostasis. Nature reviews Molecular cell biology. (2018) 19:121–35. doi: 10.1038/nrm.2017.95

 18. Lin S-C, Hardie DG. Ampk: sensing glucose as well as cellular energy status. Cell Metab. (2018) 27:299–313. doi: 10.1016/j.cmet.2017.10.009

 19. Yang M, Zhang Z, Wang C, Li K, Li S, Boden G, et al. Nesfatin-1 action in the brain increases insulin sensitivity through Akt/Ampk/Torc2 pathway in diet-induced insulin resistance. Diabetes. (2012) 61:1959–68. doi: 10.2337/db11-1755

 20. Li Y, Wang B, Shen J, Bai M, Xu E. Berberine attenuates fructose-induced insulin resistance by stimulating the hepatic Lkb1/Ampk/Pgc1α pathway in mice. Pharm Biol. (2020) 58:385–92. doi: 10.1080/13880209.2020.1756349

 21. Liu Z, Dai X, Zhang H, Shi R, Hui Y, Jin X, et al. Gut microbiota mediates intermittent-fasting alleviation of diabetes-induced cognitive impairment. Nat Commun. (2020) 11:855. doi: 10.1038/s41467-020-14676-4

 22. Park J, Lee Y, Jung EH, Kim SM, Cho H, Han IO. Glucosamine regulates hepatic lipid accumulation by sensing glucose levels or feeding states of normal and excess. Biochim Biophys Acta Mol Cell Biol Lipids. (2020) 1865:158764. doi: 10.1016/j.bbalip.2020.158764

 23. Hurtado-Carneiro V, Dongil P, Pérez-García A, Álvarez E, Sanz C. Preventing Oxidative Stress in the Liver: An Opportunity for Glp-1 and/or Pask. Antioxidants. (2021) 10:2028. doi: 10.3390/antiox10122028

 24. Zhang J, Wang Y, Liu X, Dagda RK, Zhang Y. How Ampk and Pka interplay to regulate mitochondrial function and survival in models of ischemia and diabetes. Oxid Med Cell Longev. (2017) 2017:4353510. doi: 10.1155/2017/4353510

 25. Raskin I, Ribnicky DM, Komarnytsky S, Ilic N, Poulev A, Borisjuk N, et al. Plants and human health in the twenty-first century. Trends Biotechnol. (2002) 20:522–31. doi: 10.1016/S0167-7799(02)02080-2

 26. Niu L, Wang J, Shen F, Gao J, Jiang M, Bai G. Magnolol and honokiol target Trpc4 to regulate extracellular calcium influx and relax intestinal smooth muscle. J Ethnopharmacol. (2022) 290:115105. doi: 10.1016/j.jep.2022.115105

 27. Talbott SM, Talbott JA, Pugh M. Effect of magnolia officinalis and phellodendron amurense (Relora®) on cortisol and psychological mood state in moderately stressed subjects. J Int Soc Sports Nutr. (2013) 10:37. doi: 10.1186/1550-2783-10-37

 28. Ge L, Zhang W, Zhou G, Ma B, Mo Q, Chen Y, et al. Nine phenylethanoid glycosides from magnolia officinalis var. Biloba fruits and their protective effects against free radical-induced oxidative damage. Sci Rep. (2017) 7:45342. doi: 10.1038/srep45342

 29. Lovecká P, Svobodová A, Macurková A, Vrchotová B, Demnerová K, Wimmer Z. Decorative magnolia plants: a comparison of the content of their biologically active components showing antimicrobial effects. Plants. (2020) 9:879. doi: 10.3390/plants9070879

 30. Luo H, Wu H, Yu X, Zhang X, Lu Y, Fan J, et al. A review of the phytochemistry and pharmacological activities of magnoliae officinalis cortex. J Ethnopharmacol. (2019) 236:412–42. doi: 10.1016/j.jep.2019.02.041

 31. Sarrica A, Kirika N, Romeo M, Salmona M, Diomede L. Safety and toxicology of magnolol and honokiol. Planta Med. (2018) 84:1151–64. doi: 10.1055/a-0642-1966

 32. Szałabska-Rapała K, Borymska W, Kaczmarczyk-Sedlak I. Effectiveness of magnolol, a lignan from magnolia bark, in diabetes, its complications and comorbidities-a review. Int J Mol Sci. (2021) 22:10050. doi: 10.3390/ijms221810050

 33. Chen C, Zhang QW, Ye Y, Lin LG. Honokiol: A naturally occurring lignan with pleiotropic bioactivities. Chin J Nat Med. (2021) 19:481–90. doi: 10.1016/S1875-5364(21)60047-X

 34. Rauf A, Olatunde A, Imran M, Alhumaydhi FA, Aljohani ASM, Khan SA, et al. Honokiol: A review of its pharmacological potential and therapeutic insights. Phytomedicine. (2021) 90:153647. doi: 10.1016/j.phymed.2021.153647

 35. Zhong X, Liu H. Honokiol attenuates diet-induced non-alcoholic steatohepatitis by regulating macrophage polarization through activating peroxisome proliferator-activated receptor Γ. J Gastroenterol Hepatol. (2018) 33:524–32. doi: 10.1111/jgh.13853

 36. Seo MS, Kim JH, Kim HJ, Chang KC, Park SW. Honokiol activates the Lkb1-Ampk signaling pathway and attenuates the lipid accumulation in hepatocytes. Toxicol Appl Pharmacol. (2015) 284:113–24. doi: 10.1016/j.taap.2015.02.020

 37. Liu J, Zhang T, Zhu J, Ruan S, Li R, Guo B, et al. Honokiol attenuates lipotoxicity in hepatocytes via activating Sirt3-Ampk mediated lipophagy. Chin Med. (2021) 16:115. doi: 10.1186/s13020-021-00528-w

 38. Yamamoto N, Ueda-Wakagi M, Sato T, Kawasaki K, Sawada K, Kawabata K, et al. Measurement of Glucose Uptake in Cultured Cells. Curr Protoc Pharmacol. (2015) 71:12–14. doi: 10.1002/0471141755.ph1214s71

 39. Xu T, Tian W, Zhang Q, Liu J, Liu Z, Jin J, et al. Novel 1,3,4-Thiadiazole/Oxadiazole-Linked honokiol derivatives suppress cancer via inducing Pi3k/Akt/Mtor-dependent autophagy. Bioorg Chem. (2021) 115:105257. doi: 10.1016/j.bioorg.2021.105257

 40. Langendorf CG, Ngoei KRW, Scott JW, Ling NXY, Issa SMA, Gorman MA, et al. Structural basis of allosteric and synergistic activation of Ampk by Furan-2-phosphonic derivative C2 binding. Nat Commun. (2016) 7:10912. doi: 10.1038/ncomms10912

 41. Day EA, Ford RJ, Steinberg GR. Ampk as a therapeutic target for treating metabolic diseases. Trends Endocrinol Metab. (2017) 28:545–60. doi: 10.1016/j.tem.2017.05.004

 42. Joshi T, Singh AK, Haratipour P, Sah AN, Pandey AK, Naseri R, et al. Targeting AMPK signaling pathway by natural products for treatment of diabetes mellitus and its complications. J Cell Physiol. (2019) 234:17212–31. doi: 10.1002/jcp.28528

 43. Kim J-A, Wei Y, Sowers JR. Role of mitochondrial dysfunction in insulin resistance. Circ Res. (2008) 102:401–14. doi: 10.1161/CIRCRESAHA.107.165472

 44. Rocha M, Apostolova N, Diaz-Rua R, Muntane J, Victor VM. Mitochondria and T2d: Role of autophagy, Er stress, and inflammasome. Trends Endocrinol Metab. (2020) 31:725–41. doi: 10.1016/j.tem.2020.03.004

 45. Suski JM, Lebiedzinska M, Bonora M, Pinton P, Duszynski J, Wieckowski MR. Relation between mitochondrial membrane potential and ROS formation. Methods in molecular biology (Clifton, NJ). (2012) 810:183–205. doi: 10.1007/978-1-61779-382-0_12

 46. Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial reactive oxygen species (ROS) and Ros-induced ros release. Physiol Rev. (2014) 94:909–50. doi: 10.1152/physrev.00026.2013

 47. Roden M, Shulman GI. The integrative biology of type 2 diabetes. Nature. (2019) 576:51–60. doi: 10.1038/s41586-019-1797-8

 48. Luo X, Wu J, Jing S, Yan LJ. Hyperglycemic stress and carbon stress in diabetic glucotoxicity. Aging Dis. (2016) 7:90–110. doi: 10.14336/AD.2015.0702

 49. Penque BA, Hoggatt AM, Herring BP, Elmendorf JS. Hexosamine biosynthesis impairs insulin action via a cholesterolgenic response. Mol Endocrinol. (2013) 27:536–47. doi: 10.1210/me.2012-1213

 50. Hardivillé S, Hart Gerald W. Nutrient Regulation of Signaling, Transcription, and Cell Physiology by O-Glcnacylation. Cell Metab. (2014) 20:208–13. doi: 10.1016/j.cmet.2014.07.014

 51. Uldry M, Ibberson M, Hosokawa M, Thorens B. Glut2 Is a high affinity glucosamine transporter. FEBS Letters. (2002) 524:199–203. doi: 10.1016/S0014-5793(02)03058-2

 52. Peterson SB, Hart GW. New Insights: A Role for O-glcnacylation in diabetic complications. Crit Rev Biochem Mol Biol. (2016) 51:150–61. doi: 10.3109/10409238.2015.1135102

 53. Mi Y, Qi G, Gao Y, Li R, Wang Y, Li X, et al. (-)-Epigallocatechin-3-Gallate ameliorates insulin resistance and mitochondrial dysfunction in hepg2 cells: Involvement of bmal1. Mol Nutr Food Res. (2017) 61:1700440. doi: 10.1002/mnfr.201700440

 54. Weng G, Duan Y, Zhong Y, Song B, Zheng J, Zhang S, et al. Plant extracts in obesity: a role of gut microbiota. Front Nutr. (2021) 8:727951. doi: 10.3389/fnut.2021.727951

 55. Li N, Song Y, Zhang W, Wang W, Chen J, Wong AW, et al. Evaluation of the in vitro and in vivo genotoxicity of magnolia bark extract. Regul Toxicol Pharmacol. (2007) 49:154–9. doi: 10.1016/j.yrtph.2007.06.005

 56. Liu Z, Zhang X, Cui W, Zhang X, Li N, Chen J, et al. Evaluation of short-term and subchronic toxicity of magnolia bark extract in rats. Regul Toxicol Pharmacol. (2007) 49:160–71. doi: 10.1016/j.yrtph.2007.06.006

 57. Weeks BS. Formulations of dietary supplements and herbal extracts for relaxation and anxiolytic action: relarian. Med Sci Monit. (2009) 15:Ra256–62.

 58. Komarov GN, Hope CK, Wang Q, Adejemi AA, Smith PW, Burnside G, et al. Dental plaque regrowth studies to evaluate chewing gum formulations incorporating magnolia bark extract. J Funct Foods. (2017) 37:612–7. doi: 10.1016/j.jff.2017.08.016 

 59. Fiorentino TV, Prioletta A, Zuo P, Folli F. Hyperglycemia-induced oxidative stress and its role in diabetes mellitus related cardiovascular diseases. Curr Pharm Des. (2013) 19:5695–703. doi: 10.2174/1381612811319320005

 60. Pu Z-Q, Yu T-F, Liu D, Jin C-W, Sadiq E, Qiao X, et al. Nr4a1 Enhances Mkp7 expression to diminish JNK activation induced by Ros or Er-stress in pancreatic? cells for surviving. Cell Death Discov. (2021) 7:133. doi: 10.1038/s41420-021-00521-0

 61. Yuan M, Gong M, Zhang Z, Meng L, Tse G, Zhao Y, et al. Hyperglycemia induces endoplasmic reticulum stress in atrial cardiomyocytes, and mitofusin-2 downregulation prevents mitochondrial dysfunction and subsequent cell death. Oxid Med Cell Longev. (2020) 2020:6569728. doi: 10.1155/2020/6569728

 62. Park EJ, Dusabimana T, Je J, Jeong K, Yun SP, Kim HJ, et al. Honokiol Protects the Kidney from Renal Ischemia and Reperfusion Injury by Upregulating the Glutathione Biosynthetic Enzymes. Biomedicines. (2020) 8:352. doi: 10.3390/biomedicines8090352

 63. Tang P, Gu JM, Xie ZA, Gu Y, Jie ZW, Huang KM, et al. Honokiol alleviates the degeneration of intervertebral disc via suppressing the activation of Txnip-Nlrp3 inflammasome signal pathway. Free Radic Biol Med. (2018) 120:368–79. doi: 10.1016/j.freeradbiomed.2018.04.008

 64. Talarek S, Listos J, Barreca D, Tellone E, Sureda A, Nabavi SF, et al. Neuroprotective effects of honokiol: from chemistry to medicine. Biofactors. (2017) 43:760–9. doi: 10.1002/biof.1385

 65. Zhang B, Zhai M, Li B, Liu Z, Li K, Jiang L, et al. Honokiol ameliorates myocardial ischemia/reperfusion injury in type 1 diabetic rats by reducing oxidative stress and apoptosis through activating the Sirt1-Nrf2 signaling pathway. Oxid Med Cell Longev. (2018) 2018:3159801. doi: 10.1155/2018/3159801

 66. Kerr M, Miller JJ, Thapa D, Stiewe S, Timm KN, Aparicio CNM, et al. Rescue of myocardial energetic dysfunction in diabetes through the correction of mitochondrial hyperacetylation by honokiol. JCI Insight. (2020) 5. doi: 10.1172/jci.insight.140326

 67. Kim YJ, Jung UJ. Honokiol improves insulin resistance, hepatic steatosis, and inflammation in type 2 diabetic Db/Db mice. Int J Mol Sci. (2019) 20:2303. doi: 10.3390/ijms20092303

 68. Ruderman NB, Carling D, Prentki M, Cacicedo JM. Ampk, insulin resistance, and the metabolic syndrome. J Clin Invest. (2013) 123:2764–72. doi: 10.1172/JCI67227

 69. Qu S, Zhang C, Liu D, Wu J, Tian H, Lu L, et al. Metformin protects Arpe-19 Cells from Glyoxal-induced oxidative stress. Oxid Med Cell Longev. (2020) 2020:1740943.

 70. Stancic A, Filipovic M, Ivanovic-Burmazovic I, Masovic S, Jankovic A, Otasevic V, et al. Early energy metabolism-related molecular events in skeletal muscle of diabetic rats: the effects of l-arginine and sod mimic. Chem Biol Interact. (2017) 272:188–96. doi: 10.1016/j.cbi.2017.05.003

 71. Lindholm CR, Ertel RL, Bauwens JD, Schmuck EG, Mulligan JD, Saupe KW, et al. High-fat diet decreases AMPK activity in multiple tissues in the absence of hyperglycemia or systemic inflammation in rats. J Physiol Biochem. (2013) 69:165–75. doi: 10.1007/s13105-012-0199-2

 72. Kraegen EW, Saha AK, Preston E, Wilks D, Hoy AJ, Cooney GJ, et al. Increased Malonyl-Coa and diacylglycerol content and reduced AMPK activity accompany insulin resistance induced by glucose infusion in muscle and liver of rats. Am J Physiol Endocrinol Metab. (2006) 290:E471–9. doi: 10.1152/ajpendo.00316.2005

 73. Zang M, Zuccollo A, Hou X, Nagata D, Walsh K, Herscovitz H, et al. Amp-activated protein kinase is required for the lipid-lowering effect of metformin in insulin-resistant human Hepg2 cells. J Biol Chem. (2004) 279:47898–905. doi: 10.1074/jbc.M408149200

 74. Ma J, Hart GW. Protein O-glcnacylation in diabetes and diabetic complications. Expert Rev Proteomics. (2013) 10:365–80. doi: 10.1586/14789450.2013.820536

 75. Murata K, Morino K, Ida S, Ohashi N, Lemecha M, Park SY, et al. Lack of O-glcnacylation enhances exercise-dependent glucose utilization potentially through amp-activated protein kinase activation in skeletal muscle. Biochem Biophys Res Commun. (2018) 495:2098–104. doi: 10.1016/j.bbrc.2017.12.081

 76. Coughlan KA, Valentine RJ, Ruderman NB, Saha AK. Ampk activation: a therapeutic target for type 2 diabetes? Diabetes Metab Syndr Obes. (2014) 7:241–53. doi: 10.2147/DMSO.S43731

 77. Wang Y, An H, Liu T, Qin C, Sesaki H, Guo S, et al. Metformin improves mitochondrial respiratory activity through activation of AMPK. Cell Rep. (2019) 29:1511–23.e5. doi: 10.1016/j.celrep.2019.09.070

 78. Foretz M, Guigas B, Bertrand L, Pollak M, Viollet B. Metformin: From mechanisms of action to therapies. Cell Metab. (2014) 20:953–66. doi: 10.1016/j.cmet.2014.09.018

 79. Foss MT, Clement KD. Metformin as a cause of late-onset chronic diarrhea. Pharmacotherapy. (2001) 21:1422–4. doi: 10.1592/phco.21.17.1422.34430

 80. Wensink MJ, Lu Y, Tian L, Shaw GM, Rizzi S, Jensen TK, et al. Preconception antidiabetic drugs in men and birth defects in offspring: a nationwide cohort study. Ann Intern Med. (2022) 175:665–73. doi: 10.7326/M21-4389





OPS/images/fnut-09-1043009-g005.gif
Light field ROS Hoechst Merge

GLUsHON

GLUHON+C

o
33 i
i .
§3
£d
5% o
8¢ .
o
Workol (625) - -+ +
Gucosamine Ctam) -+ +

Compound C (5uM) - - - %





OPS/images/fnut-09-1043009-g006.gif
Lghtfiold  Aggregates  Monomers  Merge.

- -.-.
i ---

GLUsHON

GLUSHONSC

£ o
23100 -
$5 M
88
0% T
32 %
&
g
g s
Horkiol (6250M) - L+ 1
Gucosamine (1omM) -+ + +

Compound C (5uM) L.





OPS/images/fnut-09-1043009-g003.gif
8 ¥
g |
g
I
o

|
4 o e e
ok (2580
[————
Gonoouna () borkt (62500
Comoons ()
¢ °
? il
i (62580
Companac ()

-.-- byt
Cangand
—






OPS/images/fnut-09-1043009-g004.gif
o2

Merge

Membrane GLUT2

-

Navi"-ATPasea

I -

Honokiol (6.25 uM)
Glucosamine (18 M)

Compound C (5 uM)

GLUSCON _ GLU+CON+C

Guzase ATPasea |

Horakio (625 M)
Gucosamins (18 i)
Compound C (5 M)






OPS/images/fnut-09-1043009-g007.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The glucotoxicity protecting effect of honokiol in human hepatocytes via directly activating AMPK



		Introduction



		Materials and methods



		Materials and reagents



		HepG2 cell culture and viability assay



		Diabetic complication model in vitro and drug treatment



		Glucose consumption assay



		Glucose uptake assay



		Reactive oxygen species (ROS) assays



		Mitochondrial membrane potential measurement



		Immunofluorescence assays



		Western blot analysis



		Molecular docking



		Statistical analysis







		Results



		Honokiol increased glucosamine-induced glucose consumption and promoted 2-NBDG uptake in HepG2 cells



		Honokiol was predicted to bind to AMPK



		Honokiol ameliorates glucose metabolism disorder by directly activating AMPK in glucosamine-induced HepG2 cells



		Honokiol promoted GLUT2 translocation from cytoplasm to the plasma membrane in an AMPK-dependent manner in glucosamine-induced HepG2 cells



		Honokiol inhibited ROS overproduction via directly activating AMPK in glucosamine-induced HepG2 cells



		Honokiol prevented glucosamine-induced loss of mitochondrial membrane potential in HepG2 cells via directly activating AMPK







		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Abbreviations



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Nutrition

The glucotoxicity protecting
effect of honokiol in human
hepatocytes via directly
activating AMPK





OPS/images/fnut-09-1043009-g001.gif
_ 1%
é s
Do
H -
o
2
&
.
TR L GRAE  wsany | e s
et nea © o o s
s 0 - - -
. .
. -
< H
E 3
A 5 100.
3 ¢ P
i52 5 -
$ [
i3 H
% 2 o
ot o o e o o

Rockfezons (M40 P — B





OPS/images/fnut-09-1043009-g002.gif









OPS/images/crossmark.jpg
(®) Check for updates





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





