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Editorial on the Research Topic
Oxidative Stress, Antioxidants, Transcription Factors, and Assimilation of Signal Transduction Pathways in Obesity-Related Disorders

Obesity and its comorbidities such as fatty liver disease, type II diabetes, and cardiovascular disease can cause an onset of complications, worsened by the accompanying oxidative stress and deleterious signaling mechanisms, leading to irreversible damages. For instance, long-term fat accumulation in the liver may induce oxidative stress, sterile inflammation, and ultimately fibrosis, currently considered as an irreversible event. Oxidative stress occurs with an imbalance of heightened free radicals and reduced antioxidant pool in the body. Reactive oxygen species (ROS) are free oxygen-containing molecules that quickly react with other molecules within the cell leading to tissue damage. This is particularly evident in patients with obesity and metabolic disorders. Nicotinamide adenine dinucleotide phosphate (NADPH) oxidases and the mitochondrial oxidative chain complexes generate the majority of ROS in obesity and the metabolic syndrome, and this can contribute to renal dysfunction [reviewed in (Lee and Jose)]. To combat this complication, antuioxidants are the body’s natural defense against ROS. They can be part of an extensive, integrated antioxidant defense system (i.e., glutathione, bilirubin) or derived from vitamins or nutritional sources such as vegetables, fruits, nuts, and seeds. Antioxidants have been proposed as potential therapies for obesity and its associated pathologies. As part of this collection of articles, Tun et al. reviewed the role of oxidative stress and the potential therapeutic role for several antioxidants in obesity and its related comorbidities (Tun et al.).
Adipose tissue is not simply a storage receptacle for excess fats that occur in obesity, but rather it is a complex endocrine organ. Adipose tissue releases hormones such as leptin and adiponectin as well as several cytokines. Hence, these are referred to as adipokines, and some are beneficial for metabolic disease (adiponectin), and others can be disadvantageous and induce inflammation (TNFα). Obesity alters the release of adipokines contributing to metabolic dysfunction and other phenotypes such as altered bone metabolism. Adiponectin levels are lower in the obese patients and may affect cementoblasts’ mineralization rate, impacting periodontal tissue homeostasis and orthodontic treatment (Yong et al.). Excessive fructose consumption results in metabolic dysfunction and contributes to insulin resistance, vascular dysfunction, and hypertension. The hydrogen sulfide (H2S) system is composed of enzymatic and non-enzymatic pathways capable of scavenging ROS in the cytosol and the mitochondria. Pavlovskiy et al. used H2S donors to reduce fructose-induced gastric injury and demonstrated that they work in part by decreasing oxidative damage caused by fructose (Pavlovskiy et al.). Retinopathy is a common complication of diabetes. Hyperglycemia-induced ROS and inflammation are contributing factors to this condition. Yang et al. provided evidence that synthetic relaxin-3 (H3 relaxin) attenuated high glucose-induced nod-like receptor protein 3 (NLRP3) inflammasome activation in streptozotocin (STZ)-induced diabetic rats (Yang et al.).
Epigenetic genome modification is a tool for regulating gene expression without changes in the genomic sequence itself. Sirtuin-6 (Sirt6) is a histone deacetylase inhibitor that controls telomere length, DNA repair, and other cellular processes. Raj et al. highlighted the emerging role of Sirt6 in the prevention of metabolic diseases and discussed the potential therapeutic use of Sirt6 modulators (Raj et al.). Histone deacetylase (HDAC) inhibitors improved fatty-acid induced insulin resistance in mice fed high fat and high fructose diets through enhanced fatty acid oxidation and improved mitochondrial function (Lee et al.).
The body produces a potent antioxidant, bilirubin, a product of heme catabolism by the enzyme, heme oxygenase-1 (HO-1), which combats ROS and oxidative stress. Mildly elevated plasma bilirubin levels correlate with reduced risks of cardiovascular and metabolic diseases (Hinds and Stec, 2018; Weaver et al., 2018; Hinds and Stec, 2019). Primary cells (podocytes and aortic endothelial cells) isolated from hyperbilirubinemic Gunn rats exhibited significantly higher viability in response to palmitic acid or angiotensin II treatment (Bianco et al.). Gunn rats also displayed sex-dependent decreases in fat mass, elevated hepatic β-oxidation, and mitochondrial function (Vidimce et al.). These studies were supported by Hana et al., who showed in this series that bilirubin treatment inhibited lipid accumulation in both skeletal muscle and liver cells and that this was dependent upon the glucose level (Hana et al.). While bilirubin is a well-known antioxidant, it might also have a hormonal function as a ligand [reviewed in (Creeden et al., 2020)] for the nuclear receptor peroxisome proliferator-activated receptor-α (PPARα) (Stec et al., 2016; Gordon et al., 2019; Gordon et al., 2020; Gordon et al., 2021). Hinds et al. utilized water-soluble bilirubin nanoparticles to treat obesity and its comorbidity, fatty liver disease. They showed that the bilirubin nanoparticles reduced dietary-induced obesity and hepatic steatosis via the induction of PPARα transactivation, accelerating β-oxidation and the utilization of fat in the liver, raising plasma levels of the ketone β-hydroxybutyrate, a known hepatic fatty acid oxidation marker (Hinds et al.).
Nature antioxidant remedies have been used for centuries in traditional herbal medicines like fenugreek, which treat a wide variety of ailments (Stec and Hinds, 2020). Yang et al. used 4-hydroxyisoleucine, the active component of fenugreek, to prevent dietary-induced obesity inflammatory response via modification of macrophage phenotype in the adipose and liver tissues (Yang et al.). Natural products exhibit antioxidant actions through induction of pathways such as HO-1 or nuclear factor erythroid 2-related factor 2 (Nrf2) (Stec and Hinds, 2020). Kaempferol is a flavonoid compound and antioxidant found in fruits and vegetables. Yao et al. demonstrated that the vascular protective effects of kaempferol are due to its antioxidant actions via induction of Nrf2/HO-1 (Yao et al.). Bauhiniastatin-1, the active component derived from the flowering plant Bauhinia purpurea, decreased high-fat diet-induced weight gain, adiposity, and insulin resistance in rats via modulation of peroxisome proliferator-activated receptor- γ (PPARγ) and AMP-activated protein kinase (AMPK) (Karunakaran et al.).
ROS and inflammation have active roles in obesity and its related pathologies. Antioxidant treatment with scavengers of ROS, cellular and mitochondrial ROS production inhibitors, or natural products that activate endogenous antioxidant pathways are potential therapies to mitigate obesity and metabolic diseases. Contributing articles to this research topic have highlighted how antioxidants may impact specific signaling pathways and transcriptional programs. Either through treatment with natural products or endogenous metabolites and hormones such as bilirubin and relaxin, targeting ROS and its associated transcription factors and signal transduction pathways offers a promise for therapy to combat obesity and its associated metabolic disorders.
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Over recent years, an increasing number of studies have confirmed that the occurrence and development of vascular pathological changes are closely related to oxidative stress and the inflammatory response of the vascular endothelium. Kaempferol is the most common flavonoid compound found in fruits and vegetables. Our present research identified that kaempferol had the capability to protect the vascular endothelium in a mouse model of vascular injury and explored the specific mechanisms underlying these effects by investigating oxidative stress, the extent of cardiovascular injury, and inflammatory markers such as NF-κB, TNF-α, IL-6, and the Nrf2/HO-1 signaling pathway. Analysis showed that kaempferol reduced oxidative stress and inflammation mediated by H2O2 and paraquat, respectively, both in vitro and in vivo. Furthermore, kaempferol suppressed the levels of TNF-α and IL-6, and the activation of NF-κB, in aortic tissues and human umbilical vein endothelial cells (HUVECs). Finally, we observed that kaempferol corrected the levels of antioxidants and elevated the protein levels of Nrf2 and HO-1 in aortic tissues and HUVECs. Collectively, our findings prove that kaempferol protects blood vessels from damage induced by oxidative stress and inflammation and that the Nrf2/HO-1 signaling pathway plays a key role in mediating these effects.
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Introduction

Vascular injury plays an important role in many cardiovascular diseases (Bruder-Nascimento et al., 2019). The dysfunction and activation of endothelial cells induced by various factors leads to the production of pro-inflammatory cytokines and reactive oxygen species; these factors are both important causes of vascular injury (Catapano et al., 2017). A large body of experimental and clinical evidence now indicates that vascular inflammation plays an important role in the development of endothelial dysfunction. Interactions between the pro-inflammatory and pro-oxidative environments in the vascular system can increase the risk of cardiovascular disease as such interactions work in concert to accelerate the formation of atherosclerotic plaques (Hajjar and Gotto, 2013; Assar et al., 2016).

Flavonoids are a class of compounds widely found in plants. Among the different subclasses of flavonols, the most common compounds are quercetin, myricetin, and kaempferol (Filomeni et al., 2010). Of these, kaempferol (Kae) is well known for its pharmacological ability to reduce oxidative stress and inflammation in various organs and tissues (Kampkotter et al., 2007; Park et al., 2009; Ren et al., 2019). Recent studies have demonstrated the protective effects of Kae on the heart by regulating nuclear factor erythroid-2 related factor (Nrf2) and nuclear factor kappa B (NF-κB) (Suchal et al., 2016; Chen et al., 2018; Zhang et al., 2019). Of these factors, Nrf2, a master transcription factor, is transferred to the nucleus after activation, where it binds to the upstream cis-regulated antioxidant response element (ARE) sequence located in the promoter regions of genes responsible for cell protection (David et al., 2017). Nrf2 subsequently activates a variety of cellular protective enzymes, such as catalase (CAT), superoxide dismutase (SOD), glutathione (GSH-Px), and heme oxygenase-1 (HO-1) (Abdou et al., 2019). There is mounting evidence that the Nrf2 signaling pathway may represent a potential target for fighting oxidative stress-related cardiovascular diseases due to its significant antioxidant properties.

NF-κB is present in the cytoplasm along with IκBα, an inhibitory protein. Previous research has demonstrated that NF-κB is activated by the phosphorylation of IκBα, thereby triggering the expression of genes associated with inflammation (Wang et al., 2020). The activation of NF-κB subsequently induces the expression of proinflammatory cytokines, including nitric oxide synthase (iNOS), COX-2, tumor necrosis factor (TNF-α), interleukin 1 beta (IL-1β), and interleukin-6 (IL-6) (Rojas et al., 2013; Liang et al., 2018). Recent studies have further confirmed that Kae inhibits the activation of NF-κB (Kadioglu et al., 2015). However, the effect of Kae on the oxidative-stress-induced activation of NF-κB in vascular endothelial cells remains unknown.

In brief, although Kae can effectively relieve oxidative damage and inflammation in a variety of organs, only a small number of studies have confirmed its effect on vascular damage. Recent studies have shown that Kae can reduce doxorubicin-induced endothelial toxicity injury, and that this protective effect is related to the inhibition of oxidative stress (Wu et al., 2020). However, it is unclear whether Kae can protect against vascular damage induced by other pro-oxidative factors. To address this outstanding question, we attempted to investigate the anti-inflammatory and anti-oxidant effects of Kae and explore the specific mechanisms underlying such effects. Identification of the specific anti-inflammatory and antioxidant effect of Kae should allow its development as a candidate compound to prevent and treat oxidative damage to blood vessels.



Materials and Methods


Reagents and Chemicals

Paraquat, thiazolyl blue tetrazolium bromide (MTT), and dimethyl sulfoxide (DMSO), were purchased from Sigma-Aldrich (Darmstadt, Germany) and kaempferol (98% purity) was purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). All of the kits used to measure indicators of oxidative stress (including malondialdehyde [MDA], SOD, GSH-Px, total antioxidant capacity [T-AOC] and CAT) were purchased from Nanjing Jiancheng Institute of Biological Engineering (Nanjing, China). We also purchased a DCFH-DA fluorescent probe and an SA-β-gal staining kit from Beyotime Biotechnology (Shanghai, China).



Preparation of Kae Solution and Suspension

Kae solution was used in all in vitro experiments. First, we prepared a stock solution of Kae in DMSO. This stock solution was then diluted in culture medium to the required concentration, and DMSO was added to ensure that the concentration of DMSO in each group was consistent at 0.1%. For the control group, 0.1% DMSO was also added to the culture medium. For in vivo experiments, we prepared a suspension of Kae with DMSO and normal saline; the final concentration of DMSO was maintained at 1% in each group. The suspension was shaken well prior to administration to experimental mice via the intragastric route. The control group was also given 1% DMSO dissolved in normal saline.



Cell Culture

Human umbilical vein cells (HUVECs) were obtained from ScienCell Research Laboratories Inc. (US) and grown in endothelial cell medium (ECM) containing 5% fetal bovine serum (FBS) and 1% penicillin-streptomycin in 5% CO2 at 37°C.



Cell Viability Assays

Cell viability was evaluated by MTT assays. HUVECs were seeded in 96-well plates (3 × 103 cells/well). The cells were then treated with Kae (2.5, 5, and 10 μmol/l) for 24 h or treated with H2O2 (100 μmol/l) plus Kae (2.5, 5, and 10 μmol/l) for 24 h. After 24 h, MTT solution (5 mg/ml; 20 μmol/l) was added and then incubated for 4 h. Finally, the supernatants were removed and 150 µl of DMSO was added to dissolve the formazan crystals. The optical density (OD) was then measured at a wavelength of 570 nm using a microplate reader (Multiskan™ MK3; Thermo Fisher Scientific, Inc., US), and cell viability was calculated.



Determination of Reactive Oxygen Species (ROS)

Intracellular ROS production was assessed by measuring the fluorescence intensity of 2,7-dichlorodi-hydrofluorescein diacetate (DCFH-DA). HUVECs were seeded in 24-well plates (1 × 104 cells/well). Then, the cells were treated with 100 μmol/l H2O2 or treated with H2O2 (100 μmol/l) plus 5 μmol/l Kae for 24 h. After 24 h, the cells were washed three times in phosphate-buffered saline (PBS) and then loaded with a DCFH-DA probe (1:1,000, 10 min) at 37°C in a CO2 incubator. After rinsing in PBS, images were finally acquired by fluorescence microscopy (Olympus, Tokyo, Japan).



Senescence-Associated-β-Galactosidase (SA-β-Gal) Staining Assays

HUVECs were treated with Kae (2.5 and 5 μmol/l) for 24 h or treated with H2O2 (100 μmol/l) plus Kae (2.5 and 5 μmol/l) for 24 h. After 24 h, the cell culture medium was removed. Then, the cells were washed once with PBS and fixed at room temperature for 15 min. Following the removal of cell fixative, the cells were washed with PBS three times (for 3 min each time). Next, we added 1 ml of working solution (10 μl of dyeing solution A + 10 μl dyeing solution B + 930 μl dyeing solution C + 50 μl of X-Gal solution) to the plate and incubated for 24 h at 37˚C in 5% CO2. Cell staining was observed by light microscopy. The proportion (%) of positive-stained cells out of the total number of cells was then determined in three random fields by light microscopy at 10× and 20× magnification.



Animals, Groups, and Dosing

In vivo experiments were performed with 8-week-old male C57 BL/6J mice, weighing approximately 23 g. The animals are provided by Sipeifu Biotechnology (Beijing, China). The study was approved by the Animal Ethics Committee of Beijing Hospital. The animals were maintained at a temperature of 22 ± 3°C and a relative humidity of 50 ± 10% with a 12 h dark/light cycle. Experimental animals were provided with standard food and water. The animals were divided into five groups (six mice in each group), as follows: Group 1 (vehicle-treated, control) received 1% DMSO by daily gavage for 10 consecutive days and an intraperitoneal injection of normal saline every 3 days; Group 2 (Kae-treated) received Kae (25 mg/kg body weight) by daily gavage for 10 consecutive days and an intraperitoneal injection of normal saline every 3 days; Group 3 (paraquat-treated) received 1% DMSO by daily gavage for 10 consecutive days and an intraperitoneal injection of paraquat (10 mg/kg body weight) every 3 days; Group 4 (paraquat + Kae-25) received Kae (25 mg/kg body weight) by daily gavage for 10 consecutive days and an intraperitoneal injection of paraquat (10 mg/kg body weight) every 3 days; Group 5 (paraquat + Kae-50) received Kae (50 mg/kg body weight) by daily gavage for 10 consecutive days and an intraperitoneal injection of paraquat (10 mg/kg body weight) every 3 days. At the end of treatment, we recorded body weight, heart weight, and blood was collected from the abdominal aorta according to standard procedures. Blood was centrifuged (3,000 rpm for 15 min) and the serum was stored at −4°C to await analysis. After the mice were sacrificed, the abdominal aorta was removed and cryopreserved at −80°C to await further analysis.



Evaluation of Oxidative Stress

Adherent HUVECs in each group were collected with a scraper and dissolved in 150 μl of PBS. The collected cells were then broken by ultrasound on ice. Then, we determined the levels of various antioxidant indicators, including MDA, SOD, GSH-Px, CAT, and T-AOC, using the above kits in accordance with the manufacturer’s guidelines. The concentration of MDA and the relative activities of SOD and GSH-Px in the serum were also analyzed, as described above.



Preparation of Total Protein From Abdominal Aorta Tissues

Abdominal aorta tissues were homogenized in a tissue homogenizer using PBS and the homogenates were centrifuged at 12,000 rpm for 10 min to obtain the supernatants. Next, we used RIPA lysis buffer to extract total protein in accordance with the manufacturer’s guidelines. Total protein content was then determined by a protein assay kit (Sigma-Aldrich, US).



Immunoblot Analysis

Total protein extracts were then used in immunoblotting experiments with a variety of antibodies, including GAPDH (1:1,000, CST, US), TNF-α (1:1,000, CST, US), IL-6 (1:1,000, CST, US), NF-κB p65 (1:1,000, CST, US), Nrf2 (1:1,000, Proteintech, US), HO-1(1:1,000, Proteintech, US), and KNDC1 (1:1,000, Sigma-Aldrich, US). The proteins were analyzed using enhanced chemiluminescence western blotting detection reagents (GE Healthcare, US). ImageJ software version 1.0 was then used to quantify the optical density of each protein band normalized to the that of the internal control (GAPDH).



Statistical Analysis

All statistical analysis was conducted using GraphPad Prism 5.0. Data are presented as mean ± standard deviation (SD). One-way analysis of variance (ANOVA) with Tukey’s post-hoc test was used to determine the statistical significance of multiple comparisons. P values < 0.05 were considered to represent statistically significant results.




Results


The Cytoprotective Effect of Kae on the Senescence of HUVECs Induced by H2O2

Observation of the growth of HUVECs in the presence of Kae showed that when the concentration of Kae was 5 μmol/l, the number of cells increased significantly. However, when the concentration of Kae reached 10 μmol/l, the morphology of the cells changed significantly (Figure 1A). When HUVECs were treated with 100 μmol/l of H2O2 for 24 h, the number of cells that were positive for SA-β-gal staining increased significantly. Observation of cell morphology showed that the cells had undergone significant changes. For example, cells had become spherical, cell volume had increased, the number of connections between cells had decreased, cell growth was slow, and the cell density had decreased. However, after the addition of 2.5 and 5 μmol/l of Kae, along with 100 μmol/l of H2O2, we observed that the number of positive cells decreased, the morphology and arrangement of cells were clearly regular, the growth status was significantly improved, and the number of cells was increased (Figures 1B, C). Data showed that the application of H2O2 at a concentration of 100 μmol/l or above could significantly reduce the viability of HUVECs compared with that of the control group (Figure 1D). However, compared with the group treated with 100 μmol/l of H2O2, the cell viability of the group treated with 10 μmol/l of Kae, and the group treated with 100 μmol/l of H2O2, was significantly increased (Figure 1F). In addition, concentrations of Kae below10 μmol/l also increased the viability of normal HUVECs. However, when the concentration exceeded 20 μmol/l, this effect began to diminish (Figure 1E).




Figure 1 | The protective effects of Kae on human umbilical vein endothelial cells (HUVECs). (A) Images captured from HUVECs grown in the presence of 0, 2.5, 5, and 10 μmol/l Kae for 24 h (Magnification: 10×). (B, C) HUVECs were incubated with 0, 2.5, and 5 μmol/l Kae and 100 μmol/l H2O2 for 24 h. Relative levels of senescence were then detected by SA-β-gal staining under light microscopy (Magnification: 10×, 20×). HUVECs were then treated with various concentrations of H2O2 (D) or Kae (E) or both Kae (0, 2.5, 5, and 10 μmol/l) and 100 μmol/l H2O2 (F) at 37°C for 24 h; viability was then determined by MTT assays (three biological replicates). *P < 0.05 and **P < 0.01, compared with the control group. #P < 0.05 and ##P < 0.01, compared with the H2O2-treated group.





Kae Reduced the Levels of ROS and Increased the Levels of Antioxidant Indicators In Vitro

Oxidative stress can lead to the excessive production of ROS, thus leading to an imbalance between the oxidation and antioxidant systems. We measured ROS levels in HUVECs after the addition of H2O2 with or without Kae (Figures 2A, B). Analysis showed that the addition of H2O2 increased the intracellular levels of ROS levels by 10-fold when compared with that in the control group; treatment with 5 μmol/l Kae caused a significant reduction in the upregulated ROS levels induced by H2O2. By investigating markers of oxidative stress, we found that H2O2 treatment significantly inhibited the antioxidant defense mechanism of the HUVECs. It was also evident that the concentration of MDA increased significantly, whereas the levels or activities of T-AOC and GSH-Px were significantly reduced compared with those of the control group. By treating HUVECs with 5 μmol/l Kae, we were able to significantly reverse this effect and achieve oxidative stress parameters close to the normal range. At a concentration of 5 μmol/l, Kae caused the levels or activities of T-AOC, CAT, and GSH-Px, to increase significantly, whereas the concentration of MDA decreased and the activities of SOD remained unaffected when compared with those of the group treated with H2O2. The results also demonstrated the increase of Kae on the antioxidant capacity of normal cells (Figures 2C–G).




Figure 2 | Kae reduced ROS and increased the levels of oxidant indicators in vitro. (A–B) HUVECs were treated with or without 100 μmol/l H2O2 for 24 h with 24 h exposure to 5 μmol/l Kae. The intracellular levels of ROS were then measured by fluorescence microscopy (10×). The concentration of MDA (C) and the activities of GSH-Px (D), SOD (E), T-AOC (F), and CAT (G), were then determined using appropriate kits after treating HUVECs for 24 h with 100 µmol/l and 5 μmol/l of H2O2 and Kae, respectively. Data are presented as the mean ± standard deviation (SD) of three independent experiments. *P < 0.05 and **P < 0.01, compared with the control group. #P < 0.05 and ##P < 0.01, compared with the H2O2-treated group.





Kae Ameliorated Cardiovascular Damage and Antioxidant Defense Impairment Induced by Paraquat In Vivo

Compared with mice in the control group, the body weights of those receiving three injections of paraquat were significantly reduced (P < 0.05). Kae treatment was able to prevent this loss of body weight in a concentration-dependent manner (Figure 3A). Although heart weight remained unchanged, the ratio of heart weight to body weight was increased after treatment with paraquat. Kae treatment also inhibited the increase in the ratio of heart weight to body weight compared with mice that were exposed to paraquat alone (Figures 3B, C). There was no significant difference in body weight, or in the absolute and relative weight of the heart, between the group receiving 25 mg/kg of Kae and the control group. In our study, we used paraquat to establish a mouse model of cardiovascular oxidative stress; the ability of paraquat to induce oxidative stress has been previously verified in mice. Analysis showed that, compared with that in the control group, the activities of SOD and GSH-Px were reduced in the serum of the model mice, and that the concentration of MDA was increased. Treatment with Kae was able to reduce this oxidative stress in a concentration-dependent manner. Furthermore, 25 mg/kg of Kae was also able to alleviate oxidative stress in normal mice (Figures 3D–F). Collectively, these results indicate that Kae can protect blood vessels from oxidative damage induced by chemicals and play a preventive role in maintaining normal cardiovascular structure and function.




Figure 3 | The protective effect of Kae on cardiovascular oxidative stress injury. The effect of Kae on body weight (A), heart weight (B), heart weight/body weight ratio (C) treated with or without paraquat. The effect of Kae on the concentration of MDA (D) and the activities of GSH-Px (E) and SOD (F) with or without paraquat. Data are presented as the mean ± standard deviation (SD) of three independent experiments. *P < 0.05, compared with the control group. #P < 0.05 and ##P < 0.01, compared with the paraquat-treated group.





The Effect of Kae on the Levels of Inflammatory Marker Under Normal and Oxidative Stress Conditions In Vitro and In Vivo

Next, we detected the levels of a series of inflammatory marker (NF-κB p65, TNF-α, and IL-6) by western blotting. Analysis showed that the levels of NF-κB p65, TNF-α, and IL-6, all decreased in a concentration-dependent manner with the application of Kae (Figures 4A, B). Furthermore, our results showed that when HUVECs were stimulated with 100 μmol/l of H2O2, there was a dramatic increase in the expression of NF-κB p65, TNF-α, and IL-6, compared to the levels in untreated cells. However, Kae markedly inhibited the overexpression of these markers (Figures 4C, D). Western-blot analysis was used to evaluate the effect of Kae treatment on the levels of these inflammatory markers in vivo. Analysis suggested that the levels of NF-κB p65, TNF-α, and IL-6, were significantly upregulated in the abdominal aortas of mice injected with paraquat alone compared to those injected with the vehicle. Kae treatment also significantly attenuated the expression of NF-κB p65, TNF-α, and IL-6, compared with that in mice treated with paraquat alone. However, although Kae reduced the levels of TNF-α, it had no significant effect on the levels of NF-κB p65 and IL-6 in normal mice over the short-term and when administered at a low dose (Figures 4E, F).




Figure 4 | The effect of Kae on the levels of inflammatory markers. (A, B) The effect of Kae on the levels of NF-κB p65, IL-6, and TNF-α, in HUVECs. (C, D) The effect of Kae and 100 μmol/l H2O2 on the levels of NF-κB p65, IL-6, and TNF-α in HUVECs. (E, F) The effect of Kae and paraquat on the levels of NF-κB p65, IL-6, and TNF-α, in mice. Data are expressed as the mean ± standard deviation (SD) of three independent experiments. *P < 0.05 and **P < 0.01, compared with the control group. #P < 0.05 and ##P < 0.01, compared with the model group.





The Effect of Kae on the Nrf2/HO-1 Signaling Pathway Under Normal and Oxidative Stress Conditions In Vitro and In Vivo

In order to investigate whether Kae played a role in the activation of the Nrf2/HO-1 pathway, we evaluated the expression of Nrf2 and HO-1 by western-blotting. We found that the Nrf2/HO-1 signaling pathway showed significant levels of activation following Kae treatment (Figures 5A, B). Compared with HUVECs that were stimulated with 100 μmol/l of H2O2 alone, Kae significantly reduced the H2O2-induced down-regulation of the Nrf2/HO-1 signaling pathway (Figures 5C, D). Furthermore, we observed that the levels of Nrf2 and HO-1 were significantly elevated in total protein extracts prepared from the abdominal aortas of mice receiving a combination of Kae and paraquat compared with those of mice receiving paraquat alone. However, compared with that in the control group, the expression levels of Nrf2 and HO-1 in the total protein extracts of abdominal aortas from mice receiving Kae alone were only slightly increased (Figures 5E, F).




Figure 5 | The effect of Kae on the Nrf2/HO-1 signaling pathway. (A, B) The effect of Kae on the levels of Nrf2 and HO-1 in HUVECs. (C, D) The effect of Kae and 100 μmol/l H2O2 on the levels of Nrf2 and HO-1 in HUVECs. (E, F) The effect of Kae and paraquat on the levels of Nrf2 and HO-1 in mice. Data are expressed as the mean ± standard deviation of three independent experiments. *P < 0.05 and **P < 0.01, compared with the control group. #P < 0.05 and ##P < 0.01, compared with the model group.






Discussion

Cardiovascular disease is a serious threat to human life and health. Oxidative stress, endothelial cell activation, and endothelial dysfunction have been widely recognized as major factors in the pathogenesis of vascular diseases (Mittal et al., 2014). Endothelial cells are monolayer cells that are distributed in the vascular lumen and play an important physiological role in vascular homeostasis. Endothelial cell injury is a complex pathophysiological event, involving increased endothelial cell activation and endothelial dysfunction (Liao, 2013). Cytokine-induced endothelial activation under inflammatory conditions often leads to endothelial dysfunction. By regulating the secretion of cytokines, oxidative stress is closely related to endothelial cell activation and endothelial cell dysfunction (Bulua et al., 2011). Kae is an important flavonoid that is commonly found in medicinal plants and plant-derived foods. Kae can also play a key role in antioxidation, anti-inflammation, and anti-apoptosis in a variety of tissues and organs (Wang et al., 2018). However, the specific role of Kae in relieving the inflammation and oxidative stress caused by vascular endothelial injury, and the mechanisms involved, have yet to be elucidated. In view of this, we investigated whether Kae can improve vascular damage by reducing oxidative damage and inflammation. The results of our study strongly indicated that Kae could protect against vascular damage by alleviating oxidative stress and reducing the levels of inflammatory markers. Furthermore, we found that the mechanism involved is related to activation of the Nrf2/HO-1 signaling pathway. In the present study, we used paraquat to induce vascular damage in mice: we found that an intraperitoneal injection of paraquat at a concentration of 10 mg/kg was sufficient to cause inflammation and oxidative stress in vascular endothelial cells and eventually lead to vascular damage.

Most of the current studies on paraquat have focused on lung damage caused by high doses. The increased secretion of proinflammatory factors and proinflammatory mediators in lung tissues that are induced by paraquat have also been reported previously (Amirshahrokhi and Khalili, 2016; Ahmed et al., 2019). Paraquat has also been reported to cause oxidative damage and inflammation in the liver (Amirshahrokhi and Bohlooli, 2013). Recent research suggests that paraquat can induce a phenotype associated with senescence in cardiomyocyte cells by inhibiting the activation of FoxO3, thus leading to cardiac senescence (Chang et al., 2019). In the present study, we demonstrated that paraquat increased the concentration of MDA and reduced the levels of GSH-Px and SOD in the serum of mice. Following treatment with paraquat, mice showed an increase in both the relative and absolute heart weight; these changes were alleviated when paraquat was administered concurrently with Kae. These findings indicate that Kae can alleviate the oxidative stress induced by paraquat in mice, as well as reduce heart weight and the loss in body weight. Consequently, the reduction in paraquat-mediated vascular damage induced by Kae may be related to the up-regulation of antioxidant enzyme activities.

Previous studies have shown that Nrf2 maintains the stability of the intracellular environment by regulating the activity of antioxidant proteins, detoxification enzymes, and other stress response proteins. It has also been established that HO-1 can resist the cytotoxicity of various oxidative stress and inflammatory reactions (Lin et al., 2017; Wu et al., 2017). It is evident that the Nrf2/HO-1 pathway exerts antioxidant and anti-inflammatory effects, reduces mitochondrial damage, regulates cell death and other effects, and ultimately affects the outcome of many diseases. To evaluate the specific involvement of Kae treatment on the levels of Nrf2 in vascular endothelial cells, and its potential role in paraquat-mediated vascular injury, we used immunoblotting to detect the levels of Nrf2 and HO-1. Analysis showed that paraquat caused a significant downregulation of Nrf2 in the abdominal aorta compared with that in vehicle-treated mice. However, the co-administration of paraquat and Kae resulted in a significant increase in the levels of Nrf2 when compared with those in animals treated with only paraquat. These findings are consistent with the role of Kae in reducing oxidative stress via the Nrf2/HO-1 pathway.

Inflammation is believed to be an important causative factor for multiple organ damage. The reduction of inflammation by inhibiting the activation of NF-κB has been shown to be an important mechanism with which to mitigate such damage (Yang et al., 2018). Paraquat, the most commonly used non-selective herbicide, is highly toxic to humans and animals (Baltazar et al., 2013), and is known to increase the expression of TNF-α, IL-1β, IL-6, and NO. These factors are common proinflammatory mediators in blood and organs and can often aggravate damage incurred by the body (Donnelly et al., 1994; Ishida et al., 2006). Inhibiting the expression of these proinflammatory mediators has become an important goal for the treatment of paraquat poisoning (Byrne et al., 2016). The p-p65 subunit of NF-kB can be transferred into the nucleus to induce the release of a large number of inflammatory regulators; it can also enhance the inflammatory response and induce organ damage (Amirshahrokhi and Khalili, 2016). In the present study, we confirmed that paraquat induced the over-expression of TNF-α and IL-6, and the activation of NF-κB in the abdominal aorta. However, we also found that Kae alleviated the inflammatory response induced by paraquat. As reported previously, our present data proved that Kae attenuated inflammation and alleviated the progression of vascular injury. Therefore, Kae could alleviate paraquat-induced vascular injury by reducing inflammation via the inactivation of NF-κB.

Oxidative stress is known to induce an inflammatory response that aggravates oxidative stress, thus leading to the excessive production of ROS by a range of cells after stimulation (Elmarakby and Sullivan, 2012). Some researchers have speculated that there may be a circulatory relationship between inflammation and oxidative stress (Yang et al., 2018). It has also been reported that endothelial dysfunction caused by the production of ROS often leads to vascular damage (Incalza et al., 2018). The present results confirm that Kae can reduce the levels of ROS and that Kae may help to improve vascular injury by scavenging reactive oxygen species. However, further research is still required to systematically elucidate the specific mechanisms underlying the effects of Kae on the process of vascular injury.

In summary, the present study used a mouse model to demonstrate that vascular injury led to a significant increase in oxidative damage and the levels of inflammatory factors. Kae was able to alleviate paraquat-induced vascular injury by suppressing inflammation and oxidative stress. Analysis showed that the NF-κB and Nrf2/HO-1 pathways play a key role in these effects. Collectively, our findings demonstrate that Kae is a highly promising candidate for the treatment of acute vascular injury (Figure 6).




Figure 6 | The mechanism by which Kae protects blood vessels from damage.
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Objective

Excess of fructose consumption is related to life-treating conditions that affected more than a third of the global population. Therefore, to identify a newer therapeutic strategy for the impact prevention of high fructose injury in age-related malfunctions of the gastric mucosa (GM) in the animal model is important.



Methods

Adult and aged male rats were divided into control groups (standard diet, SD) and high fructose diet (HFD) groups; acute water immersion restraint stress (WIRS) was induced for evaluation of GM adaptive response and effects of testing the therapeutic potential of H2S-releasing compounds (H2S donors). Histological examination of gastric damage was done on hematoxylin-eosin stained slides. Cystathionine beta-synthase (CBS), Cystathionine gamma-lyase (CSE), and Thiosulfate-dithiol sulfurtransferase (TST) activities and oxidative index were assessed during exogenous administration of H2S donors: sodium hydrosulfide (NaHS) and the novel hybrid H2S-releasing aspirin (ATB-340). The results showed that HFD increased gastric damage in adult and aged rats. HFD-associated malfunction characterized by low activities of H2S key enzymes, inducing increased oxidation. Pretreatment with NaHS, ATB-340 of aged rats in the models of HFD, and WIRS attenuated gastric damage in contrast to vehicle-treated group (p < 0.05). The effect of ATB-340 was characterized by reverse oxidative index and increased CBS, CSE, and TST activities. In conclusion, H2S donors prevent GM age-related malfunctions by enhancement of CBS, CSE, and TST expression against fructose excess injury though reduction of oxidative damage.
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Introduction

The World Health Organization defined relation between excess fructose consumption and accelerated aging, which could be a factor for multi-morbidity and has numerous harmful effects (Lyons et al., 2016; Bektas et al., 2018; Miller et al., 2018). Oxidative stress is one of their molecular mechanisms for cellular survival, as well as damage, and accelerated aging that could be the result of the decline of integrated defensive molecular mechanisms (Franceschi et al., 2018a; Franceschi et al., 2018b; Cherkas et al., 2020). Therefore, to search for a novel physiologically based therapeutic strategy that enhances the natural mechanisms of cytoprotection and reverses the influence of aging and high fructose injury is the actual topic in modern pharmacology JL (Wallace et al., 2015; Engevik, 2018). It is known that age-related changes in the gastrointestinal mucosal defense formed increased gastric mucosa (GM) susceptibility to injuries and enhanced low-grade inflammation related to excessive oxidative stress (distress) toxic injury that have systemic character (Schultz et al., 2018; Tarnawski and Ahluwalia, 2018).

Hydrogen sulfide (H2S) system, the key endogenous signaling mediator that is operated by several enzymatic and non-enzymatic pathways, including catalytic activities of Cystathionine-β-synthase (CBS, EC 4.2.1.22), Cystathionine-γ-lyase (CSE, EC 4.4.1.1) and Thiosulfate-dithiol sulfurtransferase (belong to sulfurtransferase superfamily and rhodanese family, another name—thiosulfate reductase (glutathione-depend), TST, EC 2.8.1.5) is known for more than 15-years study. These key enzymes in H2S signaling operated in the cytosol (CBS, CSE) and mitochondria (CBS and TST) showed remarkable cytoprotective advances of their multifunctional abilities, as gas neurotransmitters, the mediator of vascular response, platelet adhesion, regulation of glucose metabolism, redox balance, and detoxification of intramitochondrial oxygen free radicals (Wallace et al., 2012; Fu et al., 2012; Szabo et al., 2014; Kanagy et al., 2017; Zhang et al., 2017). Latest studies have concluded that H2S is the remarkable activator of endothelial vasoactive agents, chemotaxis of immune cells and scavenger of active forms of oxygen species, neutralization of cytokines and autophagy, thus, there is a reason for creation of a pharmacological way to prevent accelerated aging and treat age-related disorders (Sharkey and Mawe, 2014; Pichette and Gagnon, 2016; Wang et al., 2017; Das et al., 2018). Since H2S is involved in the regulation of intracellular redox status, as well as signaling cascades of phosphorylation, apoptosis, involving mitochondrial K+ ATP-channels, it is possible to interpret such actions as a powerful antiradical resource (Nakajima, 2015; Mard et al., 2018). TST activity is important for mitochondrial oxidation and could be an effective marker of mitochondrial dysfunction in response to oxidative stress, but its role in the coupling of CBS, CSE expression in the H2S pathway of age-related changes in gastric cytoprotection against fructose injury is still unknown.

Since the defense reactions of people in advanced age are related with cross-talk of oxidative stress and vascular health, regulated by hypoxia-inducible factor (HIF) that triggered synthesis and release of vascular endothelial growth factor/vascular permeability factor (VEGF/VPF), and as the result of age-related tissue malfunction, which is the first stage of injury, and if not prevented or treated early, the next cellular stage will often induce tissue damage (Donnarumma et al., 2011; Arumugam and Kennedy, 2018). Thus, there is a reason for study of H2S donors—H2S-releasing compounds, as agents that could decrease the impact of aging on the susceptibility of GM to high fructose injury in laboratory models by exploring changes in expression of CBS, CSE, and TST.

Present-day animal models of human diseases play an important role in the translational research that helps in identification and testing of compounds for age-related differences in cytoprotection (Verma et al., 2017; Wallace et al., 2018). Studies have shown that exogenous sodium hydrosulfide (NaHS) is the non-organic donor of synthesis of H2S and enhancer for catalytic activities of CBS and CSE (Wallace et al., 2007; Di Villa Bianca et al., 2011). Recently, it has been found that the synthesis of H2S from cysteine and cysteine with homocysteine affects glucose regulation and provides protection of vascular endothelium against oxidative stress and correction of hyperhomocysteinemia, which may be a predictor of accelerated aging and H2S signaling network is the source for reversion of vascular aging (Das et al., 2018; De Cabo and Diaz-Ruiz, 2020). Interestingly, H2S mediates the activity of arachidonic cycle and production of prostaglandins and recent advances in the creation of the latest hybrid H2S-releasing drugs, analogs of nonsteroidal anti-inflammatory drugs (NSAIDs, H2S-NSAIDs) or organic Lawesson’s reagent derivative, have shown ability to reverse decrementing side effects that arise from the digestive system, cardiovascular system and systemic reactions (Wallace et al., 2007; Guo et al., 2012; Kang et al., 2017; Zhang et al., 2018; Van Dingenen et al., 2019). Among NSAIDs aspirin is the most widely used drug in the aged population for different reasons. Since 2013, Antibe Therapeutics Inc. is developing H2S-releasing NSAIDs, in particular ATB-340, which is a novel H2S-releasing derivate of aspirin (H2S-aspirin, Figure 1) but its effect on age-related changes of gastric mucosal defense system against high fructose injury is unknown. Therefore, in this study, we compare effects of H2S donors—NaHS, on the CBS, CSE, TST expressions in adult, and aged rats, as well as during treatment by ATB-340 in aged rats exposed to high fructose diet (HFD) during 4 weeks in both aspirin- and stress-related models of gastric injury.




Figure 1 | Chemical structure of 4-(5-thioxo-5H-1,2-dithiol-3-yl)phenyl 2-acetoxybenzoate(l)—H2S-releasing aspirin (ATB-340).





Materials and Methods


Animals, Diets, and Treatments

All experiments were carried out on male adult (age = 12‑14 weeks) and aged Wistar rats (age = 42‑46 weeks) (n = 62) following the norms of animal experiments that guaranteed by ARRIVE guidelines and EU Directive 2010/63/EU for animal experiments and the local animal care committee at the Danylo Halytsky Lviv National Medical University Ethics Committee (protocol № 6 from 29.03.2017). All efforts were made to minimize animal suffering and to reduce the number of animals used.



Experimental Protocol

Animals were maintained under a constant 12-h light and dark cycle and an ambient temperature of 21-23° C with 50 ± 10% relative humidity. All animals were kept in raised mesh-bottom cages to prevent coprophagy and subdivided into groups (n = 5‑6). Figure 2 represents a schematic overview of the experimental protocol. Rats were randomly assigned to nine experimental groups. Rats in the control groups had free access to water and were kept on a standard diet (SD). Animals in the experimental groups received 28 days of fructose-supplemented water (HFD), unrestricted access to a 40% solution of fructose ad libitum (Bezpalko et al., 2015). Food deprivation for 12 h before the end of experiments has been performed for all rats. The initial and ﬁnal body weights in all animals were recorded by an RN 10C13U, 100 g-10 kg, ± 5 g (Vaga, Kyiv, Ukraine).




Figure 2 | Design of the experiment.



The rats were deeply anesthetized with an intramuscular injection of ketamine (60 mg/kg; Biovet, Bila Tserkva, Ukraine), sacrificed and after that, the stomachs were resected. Later stomachs were cut open along the lesser curvature and rinsed with saline and were taken for histological examination.

The animals were subdivided into control groups of adult rats and aged rats with SD and vehicle (1.0 ml of saline), and experimental groups receiving 28 days hypercaloric HFD, without and with acute stress. Acute stress was induced on the 29th day of study by the model of Takagi and Okabe, 1968, that involves short-term exposure to water-immersion restraint stress (WIRS) (Takagi and Okabe, 1968). The rats were placed in restraint cages and immersed vertically to the level of the xiphoid process in a water bath of 23° C for 3.5 h. The initial and ﬁnal body weights were recorded. Blood glucose concentrations were measured daily by glucometer using a blood sample from the tail vein, as described previously (Zayachkivska et al., 2014).

Fasted rats from experimental groups were pre-treated 9-days (from 20th to 28th day of study) intragastrically by: 1) saline, as vehicle (adult); 2) vehicle (aged); 3) NaHS, 5.6 mg/kg/day (adult); 4) NaHS, 5.6 mg/kg/day (aged); 5) vehicle with stress induction (adult); 6) vehicle with stress induction (aged); 7) NaHS, 5.6 mg/kg/day and induction of stress; 8) ASA, 10.0 mg/kg/day and NaHS, 5.6 mg/kg/day and stress induction (aged); 9) ATB-340 17.5 mg/kg/day and induction of stress (aged). The administration of NaHS and ATB-340 was performed in doses tested previously (Zayachkivska et al., 2014; Wallace et al., 2015).



Chemicals and Drugs

Sodium hydrosulfide (NaHS), D, L-homocysteine 3.3 mM, L-cysteine, Na2S•9H2O were obtained from Sigma-Aldrich (St. Louis, MO, USA). Pyridoxal phosphate 0.67 mM, N,N-Dimethyl-p-phenylenediamine sulfate, 99% was obtained from Acros Organic (New Jersey, USA).

Compound ATB-340 was obtained from Antibe Therapeutics (Toronto, Canada). ASA was purchased from Borshchahivskiy CPP (Kyiv, Ukraine).

All other chemicals used in the experiments were graded by the analytical method that was validated according to the guidelines of the International Conference on Harmonization (ICH).



Morphological Evaluation of Gastric Damage

The stomachs were opened along the lesser curvature. The severity of GM lesions was evaluated by macroscopic inspection and GM damage index using histological double-blind studies of two investigators. Gastric tissues were then fixed in 10% formalin, dehydrated, and embedded in paraffin wax. Paraffin sections of 5 mm were cut and stained with hematoxylin and eosin. Histological changes were checked under a microscope (Leica DM 750/4 and digital camera Leica DFC 420, Germany). The GM lesion, including epithelial cell damage, vasocongestion, hemorrhage, and inflammation, was measured by microscopy investigation, and the total injury in one stomach was assessed by GM damage index scoring that conducted using the criteria in Table 1 expending four fields of view at 40 × magnification. The mean score was determined for each treatment group and results were expressed as GM damage index.


Table 1 | Criteria used for semi-quantitative analysis of gastric mucosa damage.





Biochemical Analysis

Blood glucose concentrations were measured daily by glucometer (Achtung TD-4207, Munich, Germany) using a blood sample from the tail vein.

At the end of the study (on 29th day), after euthanasia animals were sacrificed, the samples from rat gastric mucosa tissue were evaluated for the catalytic activities of CBS, CSE, and TST in H2S biosynthesis and oxidative stress markers. The stomach was washed with cold 1.15% potassium chloride solution, after which the mucous membrane was separated and homogenized in a medium of 1.15% potassium chloride in a ratio of 1:4. GM homogenates were centrifuged at 600 g and 40° C for 30 min to obtain a post-nuclear fraction.



CBS, CSE, and TST Activities

We evaluated CBS, CSE, and TST activities in gastric tissue (nmol/min*1 mg of protein), using a modified version of the Stipanuk and Beck method (Stipanuk and Beck, 1982). Substrate and cofactor concentrations, pH, and incubation time, which could provide optimal conditions for enzyme activity determination, were selected in advance.

The activity of CBS was determined in the incubation medium containing in final concentrations pyridoxal phosphate 0.67 mM, L-cysteine 3.3 mM, L-homocysteine 3,3 мМ, Tris-HCl buffer 0.08 M (pH 8.5).

The activity of CSE activity was determined in incubation medium containing in final concentrations pyridoxal phosphate 0.67 mM, L-cysteine 3.3 mM, Tris-HCl buffer 0.08 M (pH 8.5).

The activity of the TST was determined in incubation medium containing in the final concentrations: sodium thiosulfate 0.2 mM, 1,4-Dithiothreitol 2.3 mM, Tris-HCl buffer 0.09 M (pH 8.5).

0,1 ml post-nuclear homogenates of the stomach (1:4 w/v in 1,15% Potassium chloride solution) were added to 0.5 ml incubation medium. After 60 min incubation at 37° С in sterile hermetically sealed plastic Eppendorf tubes (to prevent H2S losses), the reaction was quenched with cooling the tubes on ice and adding of a 0.5 ml 1% zinc acetate solution to bind the produced H2S.

The control samples were treated similarly, except the studied material was added to the medium after incubation and cooling. The amount of H2S was estimated with the methylene blue production by a standard method (Van Dingenen et al., 2019). There were added 0.5 ml 20 mM N,N-dimethyl-p-phenylenediamine in 7.2 M HCl, 0.4 ml 30 mM FeCl3 in 1.2 М HCl to the samples and incubated for 20 min at 18‑22° С, then added 1 ml 20% TCA and centrifuged for 10 min at 3000 rpm.

The optical density of the supernatant was measured at 670 nm in a cuvette with an optical path of 1.0 cm using the Apel PD-303 spectrophotometer (Japan). Sulfide anion content in the sample was calculated using a calibrated graph (Zaichko et al., 2009).



Calculation of the Oxidative Index

For oxidative injury assessment, the oxidative index, as the value of imbalance between pro- and anti-oxidative activity, was calculated using the principle developed by Vassale et al.; Shimomura et al. (Vassalle et al., 2012; Shimomura et al., 2017), as a ratio between the content of lipid peroxidation products and anti-oxidative activity. For biomarker of lipid peroxidation products, the malonic dialdehyde level was detected as demonstrated previously (Pavlovskiy et al., 2018) and for the anti-oxidative activity—the TST colorimetric activity, as reported earlier.



Statistical Analysis

All results were evaluated using Statistical Analysis System and visualization program «Statistica 7.0» (StatSoft, Informer Technologies, Inc.) and expressed as mean ± standard deviation (SD) for a series of experiments. A paired Mann–Whitney U-test was used for comparisons of paired treatments between two groups, and one-way ANOVA using Dunnett’s test was performed to compare different experimental groups with control. Statistical significance was set to p values ≤ 0.05.




Results


Effect of 28 Days High Fructose Diet-Induced Injury on Body Weight and Glucose Levels, and Histologic Changes of Gastric Mucosa

Rats consuming drinking water supplemented with fructose for 28 days exhibited a significant elevation of blood glucose levels (from 5.5 ± 0.4 mmol/L to 6.2 ± 0.7 mmol/L—adult rats; from 5.5 ± 0.3 mmol/L to 6.6 mmol/L—aged rats; p < 0.05) (Figure 3A), and about 10% gain in body weight (339 ± 31 g—adult rats; 499 ± 34 g—aged rats) over that of the control rats with SD (306 ± 21 g—adult rats; 458 ± 28 g—aged rats).




Figure 3 | Blood glucose levels in adult (A, left graph) and aged (A, right graph) rats fed a standard diet (SD) or high fructose diet (HFD) during 28 days. Results are given as mean ± standard deviation (SD) (statistical analysis: one way-ANOVA, n = 5–6/group). Histological characteristic of study groups according to the changes in gastric mucosal damage index (B) and representative photomicrographs to illustrate the changes in the gastric mucosa in adult (C, D) and aged (E–L) rats fed by 28 days of high fructose diet, visualizing surface epithelial cells (SEC), foveoli (F), and glandular cells (G). Hematoxylin and eosin staining at low (C – x 150; E and G – x 200) and higher magnification (D, F, and H–L – x 600). Gastric mucosa of adult and aged rats shows glandular cells (D, F, respectively), and hypertrophy of mucous neck cells (arrows) (F). In the gastric mucosa of vehicle-treated aged rats exposed to acute stress (G, H) and aspirin pretreatment (I), there is observed connective tissue (arrows) in basal third of the gastric mucosa, hyperemia in lamina propria (arrows). The gastric mucosa of aged rats exposed to acute stress and pretreated by NaHS (J), a combination of NaHS and aspirin (K) shows uneven swelling of the submucosal base in gastric mucosa (arrows) while pretreatment of ATB-340 (L) shows diffuse swelling of the submucosal basis of gastric mucosa.



The adult and aged rats fed by SD and treated with vehicle exhibited normal gastric macroscopic appearance. The data in Figure 3B shows that the GM damage index of adult control rats on SD was 1.00; in aged rats on both SD and HFD, the GM damage index was 3 times higher, respectively, vs. adult rats (p < 0.05). Representative photomicrographs of gastric mucosa in adult and aged rats fed by 28-days of high fructose diet, visualizing surface epithelial cells, foveoli (pits), and glandular cells demonstrated Figures 3C–L. The differences of gastric mucosa of aged rats with the glandular cells and hypertrophy of mucous neck cells were observed (Figures 3E, H) in comparison to the adult rats (Figures 3C, D). Examination of the gastric mucosa of adult rats on HFD revealed an increased GM damage index in 1.5 times vs. the control group of adult rats (p > 0.05).

To assess the adaptive changes of GM defense in aged rats fed by HFD and treated by H2S donors exposition to WIRS was used. In this experiment, the histological changes of GM in aged rats treated with vehicle without and with exposition to stress were characterized by increased GM damage index in about 4 and 7, respectively, over the adult rats group on HFD treated with vehicle was 1,5 (p < 0.05), (Figure 3B). In the gastric mucosa of aged rats fed by HFD, vehicle-treated and exposed to acute stress (Figures 3G, H), we observed connective tissue in the basal third of the gastric mucosa, hyperemia in lamina propria (arrows) and hypertrophy and vacuolization of glandular cells (arrows). Similar changes of gastric mucosa were observed in the rats with aspirin pretreatment (Figure 3I).

In the gastric mucosa of aged rats exposed to acute stress and pretreated by NaHS (Figure 3J) and with combination of NaHS and aspirin (Figure 3K) we identified uneven swelling of the submucosal base in gastric mucosa (arrows) while pretreatment of ATB-340 (Figure 3L) shows diffuse swelling of the submucosal basis of gastric mucosa.

Treatment of ATB-340 attenuated gastric injury and resulted in 1.4 times lower GM damage index compared to rats treated with vehicle (p < 0.05). There was also observed decreased susceptibility of GM by lower GM damage index in the ATB-340 treatment group than in the group with co-treatment by the combination of NaHS and ASA group, as well as vehicle group regarding to the difference of GM damage index (p > 0.05).



CBS, CSE, TST Activities, and Oxidative Index

To evaluate the role of CBS, CSE, and TST activity in H2S signaling during HFD-induced GM malfunction in rats, in this study, we examined changes in their activities (Figures 4A–C), and oxidative index (Figure 4D). In intact adult control rats on SD, the activities of CBS, CSE, TST were reaching 1.01 ± 0.25 nmol/min*1 mg of protein, 1.26 ± 0.08 nmol/min*1 mg of protein and 1.16 ± 0.16 nmol/min*1 mg of protein, respectively. In groups on SD, there were decreased enzyme activities in aged rats compared to adult rats (Figures 4A–C). Besides, there was a significant difference in enzyme activities between adult and aged rats on HFD versus SD. Adult rats on HFD had much lower activity of CBS—35%, CSE—48%, and TST—56%, compared to SD group (p < 0.05). Aged rats on HDF have lower activities of CBS, CSE, and TST versus aged rats on SD; however, we observed increased activities of all H2S-related enzymes during induction WIRS (Figures 4A–C). We found, that in adult rats exposed to stress on HFD and treatment by NaHS resulted in increased activities of CBS—1.8 times, CSE—1.3 times, and TST by 69% over adult rats with vehicle (p < 0.05). Adult rats on HFD with NaHS administration exhibited a higher activity of CBS by 35% than aged rats (p < 0.05). However, the co-treatment of aged rats by NaHS and ASA was alike H2S–ASA, causing a similar activity of CBS (p < 0.05).




Figure 4 | Activities of Cystathionine-β-synthase (CBS) (A), Cystathionine-γ-lyase (CSE) (B) and Thiosulfate-dithiol sulfurtransferase (TST) (C) and changes of the oxidative index (D) in adult and aged rats (n = 5–6) fed with standard diet (SD) or high fructose diet (HFD) without and with H2S releasing molecule compounds therapy (NaHS, ATB-340) and induction of acute stress (WIRS). Columns with whiskers (A, B, C) show mean ± standard deviation (SD). Box plots (D) show the median, lower, and upper quartile ranges, and the minimum and maximum values of the oxidative index of all groups; *p < 0.05 versus control.



Given these results, we determined the oxidative index. We analyzed data of the age-related changes of the oxidative index in Figure 4D. It has shown that the oxidative index is increased in aged over adult rats fed by SD or HFD. However, the rats fed by HFD have higher levels of the oxidative index than animals fed by SD. The pretreatment by H2S donors (NaHS and ATB-340) in aged rats reduced the oxidative index levels and correlate with TST activity, suggesting that treatment demonstrates an anti-oxidant effect.




Discussion

According to the recent data, among the most important risk factors for the increased susceptibility of GM are hyperglycemia and aging which could be triggers for inflammaging and metaflammation—immune-metabolic age-related conditions that contribute to manifestation of cytotoxic injury (Qi et al., 2012; De Cabo and Diaz-Ruiz, 2020). Several animal and human studies suggest that postprandial hyperglycemia related to excessive fructose consumption causes cellular and subcellular oxidative damage, and accelerates the age-related decline in cytoprotection by developing oxidative damage related to a modification in H2S-NO cross-talk and redox homeostasis (Guan et al., 2012; Cao and Bian, 2018). The process of age-associated increased susceptibility to gastric cytotoxic factors involves several vascular associated molecular signaling pathways, which has a bi-directional detrimental role on the gastric mucosal defense (Yonezawa et al., 2007; Velázquez-Moyado et al., 2018). It has been shown that the key role in gastroprotection at the advanced age belongs to the endothelial dysfunction, reduced mucosal defense, amplified susceptibility to injury by a variety of injurious agents and its dramatic consequences on older patients with hyperglycemia could be expected. ASA is one of the most common drugs among NSAIDs that are commonly reported as gastrotoxic agents, bringing hemorrhagic erosions and bleeding which is seriously threatening human health, especially in older persons. An increasing body of evidence confirms that using new H2S-releasing compounds, which increase endogenous H2S content by catalytic activities in H2S signaling, exert gastrointestinal safety by anti-oxidative, anti-inflammatory, and vasoactive effects (Dombkowski and Russell, 2004; Zhang et al., 2018; Qin et al., 2019; Pereira-Leite et al., 2020). H2S is important for redox regulation of multiple processes, including regulation of mitochondrial function through its effects as an electrons donor for the electron transport chain and inhibition of mitochondrial permeability transition pore (MPTP) opening, mitochondrial oxidation, and reaction producing thiosulfate (Donnarumma et al., 2011; Zhang et al., 2017; Mys et al., 2018), as well as the proper functioning of the immune system (Wallace et al., 2012; Qin et al., 2019). Therefore, our study was designed to test the hypothesis that linking H2S-related physiological mechanisms in gastroprotection and H2S-based therapeutic strategy for reduction of malfunction in gastric mucosal defense in advanced age and chronic nutritional carbohydrate overload. In this study we have used the experimental model of HFD, which mimics the modern “obesogenic” environment on rats and compare age-related effects on the gastric mucosa of 9-day exogenous administration of H2S donors: the inorganic sulfide salt—NaHS, the commonly used compound as a positive control in animal preclinical studies, which rapidly increases content of plasma H2S level, co-treatment of NaHS with conventional ASA and novel NSAIDS hybrid ASA-releasing H2S. To test adaptive changes of gastric mucosa in feature of age-related changes in gastroprotection, we used aged rats fed with HFD and exposed to WIRS. This animal model mimics early signs of the preclinical appearance of gastric ulcerogenesis observed in older patients who use the nutritional overload by unhealthy carbohydrates. Also, we determined the effects of H2S donors, such as NaHS and ATB-340 on CSE and CBS expression, which play a crucial role in H2S biogenesis, as well as TST expression which appears exclusively mitochondrial and has co-operative activity with mitochondrial ribosomal proteins L18 (MRPL18) and acts as a mitochondrial important factor for anti-oxidative stress functions and redox regulation, producing thiosulfate and recovering glutathione for defense cellular thiol proteins under oxidative stress (Szabo et al., 2014; Kimura, 2019). We defined that 4 weeks fructose nutritional overload decrease gastric mucosal defense in aged rats in contrast to adult animals and similar up-toward trend for age-associated results was in rats fed with SD and accompanied by increased GM damage index and modulated activities of CBS, CSE, and TST and changes of the oxidative index, reflecting the shift to oxidative damage. In addition, we identified decreased gastric CBS and CSE activities in HFD aged rats over adult rats. During exposure to stress, the activity of H2S-related enzymes CBS, CSE, and TST increased in contract to animals without stress, as the result of response to acute injury, nonetheless level of the oxidative index also increased in aged rats fed by HFD. These signs of oxidative damage not only negatively affect membranes, but also could initiate the mitochondrial process of apoptosis, which results in cellular damage due to MPTP opening and re-store NO-synthase coupling (Nakajima, 2015; Mys et al., 2018; Kimura, 2019). These results indicate that the H2S pathway is likely to be an important determinant of gastric mucosa susceptibility to HFD injury in advanced age. Our data of CBS, CSE, and TST activities correlate with histological results that exogenous administration of H2S donors reverses GM damage that results on H2S-NO cross-talk (Zhang et al., 2017; Cao and Bian, 2018), sirtuin-1 (SIRT1) activity that has the ability for increasing mitochondrial function, protects against oxidative stress and can promote angiogenesis, as well as H2S-dependent protein persulfidation (Arumugam and Kennedy, 2018). We analyzed the data during treatment by H2S donors that characterized by decreased oxidative index and could conclude that in our model of HFD injury the increased CSE, CBS, and TST activities during exposure to stress could be explained by additional involvement of bioavailability of H2S despite oxidative index changes which exist probably due to the effects of aging and HFD. This is a significant finding because these types of effects could be mechanisms contributing to age-related changes in gastroprotection. This effect was mediated by activation of endogenous H2S-associated compounds, which have free-radical scavenging activity. Our data could be explained by previous results of several scientific groups that show the role of sulfhydryl compounds in gastric cytoprotection (Szabo et al., 1981; Wallace et al., 2007). When we compare age-related effect of NaHS on gastroprotection we detected twice lower level of the oxidative index in adult animals over the level of aged rats. Moreover, the NaHS-mediated treatment decreased CBS and CSE activities twice, as well as TST activity by 30% in aged rats over the results of adult rats. A similar trend was obtained during co-administration of NaHS with ASA and resulted in attenuating gastric damage induced by HFD and aging-associated changes in redox balance. Interestingly, the administration of ATB-340 was accompanied by a more intensive decrease of CSE, CBS, and TST activities than during co-treatment with NaHS and convention aspirin. This observation remains in agreement with recent data from several studies during chronic inflammatory conditions when conventional and H2S-releasing compounds reduced oxidative stress in different tissues decreasing the process of lipid peroxidation, myeloperoxidase activity in a different way, however, only H2S-NSAIDS showed increased glutathione levels in the tissue and reduced plasma extravasation and gastrointestinal damage and could be promised compounds to decrease susceptibility to oxidative stress (Kang et al., 2017; Ajayi et al., 2018). Thus, data of TST expression, in aged rats with pretreatment by H2S donors during HFD with WIRS, and GM damage index could be explained by their ability for intracellular antioxidant activity possessing which ameliorates mitochondrial dysfunction that, in turn, improves respiratory electron transport. It helps to explain our obtained results of the gastroprotective effect of ATB-340, as protection against oxidative stress injury of the gastric mucosa resulted in the decreased oxidative index during exposure of aged rats to WIRS.

In conclusion, the H2S pathway is essential reason of gastric mucosa susceptibility to HFD injury in advanced age and administration of exogenous H2S donors has demonstrated the efficiency against the reduction of age-associated gastric mucosal defense. Decreased activation of H2S signaling in the HFD model might be related to the increased mitochondrial malfunctions and oxidative stress that promote excessive TST expression. Gastroprotection during ATB-340 (H2S-ASA) treatment may be relevant to the increased activity in H2S signaling by attenuation of oxidative stress.


Translational Perspective

Pharmacological intervention to increase endogenous H2S levels extends anti-oxidative activity suggesting that H2S donors could be promising ingredients for the new strategy to treat age-related and HFD-induced malfunctions. Further studies are needed to study the pharmacologically dose-dependent activities of H2S donors NaHS, and H2S-ASA and exact molecular mechanisms to explore their anti-oxidative activity. H2S-ASA has the potential for the target-oriented treatment of gastric malfunction related to HFD and age-associated changes.
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Obesity has been a worldwide epidemic for decades. Despite the abundant increase in knowledge regarding the etiology and pathogenesis of obesity, the prevalence continues to rise with estimates predicting considerably higher numbers by the year 2030. Obesity is characterized by an abnormal lipid accumulation, however, the physiological consequences of obesity are far more concerning. The development of the obesity phenotype constitutes dramatic alterations in adipocytes, along with several other cellular mechanisms which causes substantial increase in systemic oxidative stress mediated by reactive oxygen species (ROS). These alterations promote a chronic state of inflammation in the body caused by the redox imbalance. Together, the systemic oxidative stress and chronic inflammation plays a vital role in maintaining the obese state and exacerbating onset of cardiovascular complications, Type II diabetes mellitus, dyslipidemia, non-alcoholic steatohepatitis, and other conditions where obesity has been linked as a significant risk factor. Because of the apparent role of oxidative stress in the pathogenesis of obesity, there has been a growing interest in attenuating the pro-oxidant state in obesity. Hence, this review aims to highlight the therapeutic role of antioxidants, agents that negate pro-oxidant state of cells, in ameliorating obesity and associated comorbidities. More specifically, this review will explore how various antioxidants target unique and diverse pathways to exhibit an antioxidant defense mechanism.
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Introduction

Chronic state of obesity is an ever-growing health concern burdening millions of individuals worldwide. Characterized physiologically as the accumulation of excess body fat, a substantial difficulty that comes with determining treatment and prevention of the disease is the multifactorial origin of the etiology (Hruby and Hu, 2015). The complexity of the etiology has led to obesity being one of the most uncontrollable disease epidemics of the last four decades. Since 1980, the prevalence of worldwide obesity has doubled with approximately 39% of people being overweight and 13% obese in 2014, according the World Health Organization. Further estimations indicate that by 2030, the worldwide obesity could reach 20% (Hruby and Hu, 2015; Mohammed et al., 2018). What is more worrisome is the increase of early onset obesity in children where obesity and potential comorbidities persist into adulthood in approximately 50% of cases versus 10% for children without obesity (Fruh, 2017). The stark incline of prevalence across all age groups is exceedingly concerning when considering the mortality associated with obesity. Across all age groups, according to compiled data of 19 cohort studies and 1.46 million participating individuals, mortality rate generally increased significantly in association with increased body mass index (BMI) (Berrington de Gonzalez et al., 2010). On average, obesity can lead to as much as a 5–10 year decrease on life expectancy (Kuk et al., 2011; Fruh, 2017).

Obesity has been known to be a cause of wide range of complications due to several underlying pathophysiological processes. Comorbidities of obesity are diverse and can occur in many bodily systems including cardiovascular complications, type 2 diabetes mellitus (T2DM), non-alcoholic steatohepatitis (NASH), metabolic syndrome, and several other lesser known morbidities (Sodhi et al., 2015; Srikanthan et al., 2016; Fruh, 2017; Lakhani et al., 2018; Lauby-Secretan et al., 2019). The trigger for obesity and associated comorbidities is intricately linked with an increase in reactive oxygen species (ROS) and subsequent oxidative stress. Several primary sources of endogenous intracellular ROS have been implicated including cellular mitochondria, endoplasmic reticulum (ER) stress, activation of oxidative stress pathways and upregulated activity of NADPH oxidase (NOX) (Bhatti et al., 2017). This causes a state of redox imbalance, where the pro-oxidants are excessively produced and the antioxidant defense mechanisms are diminished, facilitating a state of chronic inflammation (Fonseca-Alaniz et al., 2007; Wensveen et al., 2015). The interlinking relation between systemic redox imbalance and release of inflammatory mediators creates an inflammatory milieu affecting the regulation of metabolic pathways, consequences of which can lead to impaired physiological functions in obesity and associated comorbidities.

Due to the modulation of redox mechanisms in obesity, evidence suggests that a multimodal approach to treatment including diet changes, exercise, and medical treatments may be successful in curbing oxidant stress (Thompson et al., 2007; Achkasov et al., 2016). One such considerable approach against obesity is to counter the cellular pro-oxidant state by ameliorate the excessive production of ROS and subsequent oxidative stress. Antioxidants may present a viable therapeutic target to help ameliorate the negative effects of obesity and oxidative stress on the physiological systems of the body. The cumulative line of evidence suggests that antioxidants may modulate dynamic cellular targets and processes to improve the redox imbalance in obesity. The mechanisms involved in the regulation of cellular redox present increasing importance of unraveling the potential of endogenous and exogenous antioxidants in ameliorating obesity associated phenotype. Hence, this review aims to independently uncover the potential of several antioxidants in ameliorating obesity phenotype and associated comorbidities. Specifically, this review presents evidence from past literature in elucidating the role of antioxidants in improving antioxidant defense mechanism by manipulating localized redox signaling pathways in an obese state.



Oxidative Stress in Obesity and Associated Comorbidities

The complex relationship between obesity and the associated comorbidities involves, first, the dysregulation of the vital communication system that adipocytes have within the body. Compared to the smaller, healthy adipocytes, the influence of obesity is drastic causing a transition to a subset of large, dysfunctional adipocytes (Lakhani et al., 2018). These larger adipocytes suffer from poor regulation mechanisms that disrupt the normal signaling functions that adipocytes play (Haczeyni et al., 2018). There are over 50 known adipokines that are released as signaling molecules from adipocytes including leptin, adiponectin, multiple interleukins, and TNF-α to name a few (Stolarczyk, 2017). In the obese model, the balance of these signaling adipokines are significantly disrupted. Pro-inflammatory adipokines (IL-6, TNF-α, MCP-1) and leptin, associated with the maintenance of the obese state, are elevated during the obese state whereas adiponectin, which plays an important role in insulin sensitivity, is decreased, connecting its role to insulin resistance and T2DM (Friedman and Halaas, 1998; Sirico et al., 2018). The increased levels of these pro-inflammatory adipokines place the body into a perpetual state of inflammation, or chronic inflammation. During the onset of obesity, this added inflammatory burden and subsequent adipocyte turnover/remodel to account for the increased fat accumulation is destructive to the cellular environment. Macrophages, which are recruited to aid in the adipocyte turnover, have also been implicated with obesity to potentiate the subsequent negative effects (Kuroda and Sakaue, 2017).

Following the stark transition to the state of chronic inflammation, the physiological environment quickly becomes burdened with oxidative stress in the form of increased ROS and oxidative radicals. One particular cellular component of concern following initial increase in ROS is at the mitochondrial level. Mitochondria, when functioning healthily, is already well-known as a major generator of ROS in the body (Oyewole and Birch-Machin, 2015). Invasion of macrophages to remodeling adipose tissue breaks down older adipocytes which leads to release of lipid components, inflammatory signals, and ROS (Lee et al., 2010). The continued release of inflammatory signals and ROS from this cycle of apoptosis and remodeling has a harmful effect on the mitochondria to exacerbate the inflammation and oxidative stress (Dela Cruz and Kang, 2018). ROS plays an imperative role in facilitating transition of healthy mitochondria to dysfunctional mitochondria. These dysfunctional mitochondria and increased ROS impair the Krebs cycle and respiratory chain (de Mello et al., 2018). The dysfunctional mitochondria produce abnormally high amounts of ROS that create a vicious positive feedback effect on the functional status of the mitochondria (Wang et al., 2013; de Mello et al., 2018). Although the chronic inflammation induces the state of oxidative stress, dysfunctional mitochondria are vital for maintaining the diseased state. Furthermore, brown adipose tissue (BAT) is a mitochondria rich tissue with high oxidative capacity which have been implicated in the process of adaptive thermogenesis (Lettieri-Barbato, 2019). The production of mitochondrial ROS under thermogenesis is important to maintain the bodily homeostasis, and this process is finely controlled through feedback mechanism. However, in a diseased metabolic condition, there is a shift in the redox state causing more oxidative stress during thermogenesis. This shift leads to altered expression of markers associated with thermogenesis causing an alteration in the adipocyte phenotype (Lettieri-Barbato, 2019). Studies have demonstrated a causal relationship between mitochondrial ROS and thermogenesis using the mitochondria-targeted antioxidant MitoQ, which efficiently ameliorates lipid peroxides and superoxides in vivo (Rodriguez-Cuenca et al., 2010). It is important to note that the redox changes occurring in BAT upon thermogenesis are dynamic, reversible and adapted to by antioxidant pathways (Chouchani et al., 2017).

This perpetual state of oxidative stress and inflammation is what links obesity to its associated comorbidities. The detrimental role that this diseased state plays on the cardiovascular system is substantial. Chronic inflammation has a negative effect on cardiovascular tissue contributing to the associated cardiovascular disease (CVD) and arteriosclerosis (Libby, 2006). With respect to obesity, the chronic, low-grade inflammation and oxidative from obesity places the cardiovascular system at an increased risk for developing plaques in blood vessels and cardiac remodeling (Kachur et al., 2017). Two studies, one done clinically with patients and the other in mice on high-fat diet, have shown that increased pressure in the heart stimulated an increase in function of NADPH oxidase 4 (NOX4), primarily located in the mitochondria of cardiac myocytes (Kuroda et al., 2010; Munzel et al., 2017). Under states of stress, NOX4 produces superoxide (O2−) to exacerbate the oxidative stress of the cardiovascular system (Kuroda et al., 2010). The inflammatory signals released by adipocytes also contribute to altering the physiology of the heart in obesity. Adiponectin, downregulated in obesity, plays a protective role in the heart by stimulating endothelial nitric oxide synthase (eNOS) to maintain healthy vascular tone. Conversely, the rising leptin levels in the heart positively correlate with coronary artery disease, left ventricular hypertrophy, stroke, and myocardial infarction (Soderberg et al., 1999; Wallace et al., 2001; Chait and den Hartigh, 2020). Along with pro-inflammatory circulating signals, a transcription factor, NF-κB, is a product of chronic inflammation in cardiovascular tissue and is a useful clinical indicator for obesity-related inflammation (de Almeida et al., 2020).

Insulin resistance and T2DM are also example of diseases extensively linked as a comorbidity of obesity. A few of the prominent inflammatory adipokines associated with decreasing insulin sensitivity in tissues are IL-6 and TNF-α (Stolarczyk, 2017). In addition, IL-10 and adiponectin, two adipokines that promote insulin sensitivity are decreased in the obese state (Stolarczyk, 2017). Meanwhile, oxidative stress promotes a diabetic state by disrupting certain metabolic pathways such as inhibiting G-3-P dehydrogenase, stimulating buildup of G-3-P, and up-regulating glycolytic, hexosamine, advanced glycation end-product (AGE), protein kinase C, and polyl pathways (Ighodaro, 2018). Despite the specific mechanisms not being completely understood, the primary method by which obesity links to T2DM is through insulin resistance (Burhans et al., 2018). One proposed mechanism observed over multiple studies (but not all) is that as adipogenesis takes place, the adipocytes become dysregulated and release a larger amount of free fatty acids (FFA) into circulation (Mittendorfer et al., 2009). The FFA-mediated insulin resistance involves the products of oxidation of FFA in tissues which exacerbates already impaired glucose metabolism (Randle et al., 1965). Several in vitro studies have revealed a secondary mechanism linking the adipokine, TNF-α, to insulin resistance by regulating ceramide synthesis (Grigsby and Dobrowsky, 2001; Hernandez-Corbacho et al., 2015). Oxidative stress and inflammation resulting from obesity is a systemic problem impacting several regions of the body through similar mechanisms as seen in T2DM and cardiovascular complications (Figure 1).




Figure 1 | Schematic representation demonstrating impact of oxidative stress in obesity. Obesity mediates excessive production of ROS which leads to chronic inflammation and altered adipocyte phenotype which further induces several systemic changes causing oxidative stress. Such oxidative stress leads to the development and progression of chronic diseases such as T2DM, cardiovascular diseases and/or NASH.





Antioxidants in Ameliorating Obesity and Associated Comorbidities


Peroxiredoxin

Peroxiredoxins (Prxs) are a family of peroxidase enzymes that have a highly conserved function to reduce hazardous peroxides in the body. There are a few different subtypes within the Prx family, but the mechanism of action of the class as a whole is mediated through a highly conserved peroxidatic cysteine residue (CP) (Hall et al., 2009). Despite the fact that the catalytic function of all Prxs is conserved involving oxidation of the CP by the peroxide substrate to sulfenic acid, the recycling of the sulfenic acid back to thiol is the defining feature of the three classes of Prxs: typical 2-Cys, atypical 2-Cys, and 1-Cys Prxs (Wood et al., 2003; Rhee, 2016). In the mammalian system, there are six known peroxiredoxin subtypes including PrxI-IV (typical 2-Cys), PrxV (atypical 2-Cys), and PrxVI (1-Cys) (Perkins et al., 2015).

Prxs are widespread across the body, and the subtypes are localized to several different cellular compartments to play a universal role against oxidative stress. PrxI and PrxII are both found predominantly in the cytosol or nuclei of cells with PrxII playing a vital role in protecting erythrocytes (Rhee et al., 2012). PrxIII (typical 2-Cys) and PrxV (atypical 2-Cys) are both found in the mitochondria where they are the primary antioxidant defense mechanism against the most abundant producer of ROS. PrxV, however, has also been found in peroxisomes and cytosol (Perkins et al., 2015). PrxIV is the only subtype to be identified in the endoplasmic reticulum, which is vital for its antioxidant role governing protein processing protection (Rhee et al., 2012; Yamada and Guo, 2018). The only 1-Cys structural subtype is PrxVI, and this enzyme resides in the cytosolic and lysosomal compartments in cells (Fisher, 2018).

Because of the highly conserved antioxidant function in reducing peroxide agents, the extensive bodily coverage of Prxs allows them to play a significant role in obesity-induced oxidative stress and complications. In mice with PrxV knockout on high-fat diet, progression to obesity and enhanced adipogenesis was far more likely than mice without the gene knockout. Mice with PrxV treatment saw decreased levels of PPARγ and C/EBPα, two markers that indicate an adipogenic state (Kim et al., 2018; Hammarstedt et al., 2018). Another study induced hepatic steatosis in a HepG2 cell line with treatment of FFA to simulate an obese state in vitro. Inducing PrxV overexpression ameliorated hepatic steatosis progression by inhibiting lipogenesis associated protein, SREBP-1 and RAS, and FFA-induced mitochondrial ROS generation (Kim et al., 2020). A follow-up study in mice revealed that the mechanism of PrxV in achieving this role appears to be through phosphorylation of AMPK pathway (Kim et al., 2020). Two separate studies have also implicated PrxIV and PrxVI in having a protective role against steatosis by targeting mitochondrial ROS generation (Yamada and Guo, 2018; Lee et al., 2019).

Another study found that PrxIII was expressed at high levels in 3T3-L1 mature adipocytes (Huh et al., 2012). Subsequently, PrxIII knockout (KO) in mice produced a substantial increase in adipocyte hypertrophy and fat mass compared to wild-type mice. The PrxIII KO mice were observed to have increased levels of mitochondrial ROS generation, adipogenic markers, aP2, CCAAT/enhancer binding proteins (C/EBPα), and peroxisomal proliferator activated receptor γ (PPARγ), and protein carbonylation. The study also demonstrated decreased levels of adiponectin, alteration of mitochondrial biogenesis, and other antioxidant enzymes in mitochondria. The PrxIII KO mice were identified to have impaired glucose metabolism and insulin resistance (Huh et al., 2012). Although the mechanism to how PrxIII regulates adipocyte function has yet to be established, this study provides ample data to strongly suggest therapeutic implications for PrxIII in obesity.

Similarly, recent study also identified PrxVI as a vital component leading to an early stage of T2DM with diabetic dyslipidemia in PrxVI KO mice (Pacifici et al., 2014). In the KO mice, elevated levels of triglycerides and VLDLs were identified; a hallmark indicator of adipocyte dysregulation in obesity (Makhoul et al., 2011). Similarly, the PrxVI KO mice exhibited increased levels of pro-inflammatory cytokines, TNFα, IL-1β, IL-10, and IL-6, from adipose tissue. Altogether, this study exemplifies PrxVI in protecting against progression to T2DM with diabetic dyslipidemia (Pacifici et al., 2014). PrxIV is another subtype implicated in its protective role against diabetes due to stimulation of enhanced insulin secretion (Mehmeti et al., 2014). Overall, the mechanisms responsible for mediating the antioxidant actions of Prxs against obesity are somewhat undiscovered or undefined due to the relative recency of many studies involving Prx. However, there is growing evidence linking some Prx subtypes as key protective mechanisms against obesity-induced inflammation and comorbidities.



N-Acetylcysteine (NAC)

N-Acetylcysteine (NAC) is an antioxidant that serves to reduce ROS through both direct and indirect effects (Mokhtari et al., 2017). The direct effects revolve around its’ ability to react with hydroxyls, nitrogen dioxide and carbonate (Samuni et al., 2013). The indirect effects arise from NAC being derived from a conditionally essential amino acid, L-cysteine and subsequently provides the cysteine for the formation of glutathione, a well-established potent physiological antioxidant (Kerksick and Willoughby, 2005). However, the oral bioavailability of glutathione is controversial (Allen and Bradley, 2011; Richie et al., 2015). Therefore, NAC is marketed as an over-the-counter oral antioxidant supplement while being utilized in many treatment protocols and clinical studies with relatively low adverse effects (Schmitt et al., 2015).

The role of NAC in obesity has yielded promising results across countless studies. Given that obesity is characterized by elevated levels of oxidative stress and inflammation has made NAC a profound target for research to minimize the progression of obesity and associated co-morbidities (Manna and Jain, 2015; McMurray et al., 2016). Recent in vitro studies have been able to demonstrate a beneficial role in attenuating biomarkers associated with adipocyte differentiation pathways such as PPARγ and C/EBPβ in 3T3-L1 preadipocyte cells (Calzadilla et al., 2011). The reduction in these biomarkers was shown to be equal to glutathione level elevation through NAC supplementation, reducing ROS, that upregulate the activity of PPARγ and C/EBPβ (Lee et al., 2009; Calzadilla et al., 2011; Pratt et al., 2019). This allows for speculation that supplementation of NAC during the progression of obesity could reduce adipogenesis through elevation of glutathione level content. Furthermore, in vivo studies revealed that supplementation of NAC in murine models that were fed a high fat diet to induce obesity, reduced triglyceride and cholesterol content within the liver by reducing PPARγ levels amongst other genes involved in hepatic storage and metabolism of lipids (Ma et al., 2016). Studies have given promising evidence that NAC may normalize levels of hepatic malondialdehyde and superoxide dismutase (SOD) providing further insight that there could be a role in preventing obesity associated co-morbidities of the liver including NASH (Thong-Ngam et al., 2007; Korou et al., 2014).

A major factor revolving around obesity is the oxidative stress associated inflammation present across various metabolic tissues that has shown to be linked to insulin resistance, atherosclerosis, and ischemic strokes (Manna and Jain, 2015; Assari and Bazargan, 2019). The plausible efficacy of NAC in counteracting obesity associated inflammation and apoptosis that contributes to progression of metabolic disorders is attributed to NAC’s ability to reduce inflammatory cytokines and apoptotic factors while increasing antioxidant components (Samuni et al., 2013; de Andrade et al., 2015). These anti-apoptotic effects are elicited by the increased levels of SOD, catalase, glutathione peroxidase and activity of peroxynitrate which serve to reduce ROS (Zaragoza et al., 2000; de Andrade et al., 2015). In vitro studies uncovered further contributions to the reduction of inflammation and apoptosis by NAC reducing levels of vascular cell adhesion molecule 1 (VCAM-1), TNF-α, IL-6, IL-8, Ikβ kinase and subsequent activation of NF-κB, which have roles in multiple inflammatory cascades (Samuni et al., 2013; de Andrade et al., 2015; Sun et al., 2019). The capability of NAC to reduce inflammatory pathways and ROS generation may allow for improvement in insulin sensitivity in obese individuals that begin to progress to the development of T2DM (Fulghesu et al., 2002; Lasram et al., 2015; Shen et al., 2018). This was evidenced by recent studies that revealed treatment with NAC improved plasma insulin levels, increased insulin sensitivity across multiple tissues and increased motor activity in murine models of obesity (Lasram et al., 2015; Shen et al., 2018). The increase in motor activity could be attributed to NAC’s ability to improve insulin sensitivity in skeletal muscle tissues as well as possibly preventing the decline of skeletal muscle sodium potassium adenosine triphosphatase (Na+/K+ ATPase) activity allowing for slowed muscle fatigue (McKenna et al., 2006). Both of these contributions could indicate a theoretical route of research to determine if any correlation exists between NAC and increased total daily energy expenditure in obese individuals which may be combined with proper diet, decreasing the total degree of inflammation by reducing adiposity and fat mass. Furthermore, NAC was shown to improve insulin sensitivity and glucose utilization in hyperglycemia induced mice via high sucrose diet as well as in human volunteers during a hyperglycemic clamp (Ammon et al., 1992; Diniz et al., 2006). These studies reinforce the plausible link between NAC and improving insulin sensitivity to glucose which may provide insight into improvement of glucose utilization within obese individuals that have progressed to developing T2DM (Straub et al., 2019).

The current cumulative line of evidence strongly suggests that NAC may have a role in being utilized as a cardioprotective agent by reducing hyperglycemia induced oxidative damage to cardiac myocytes and cardiac remodeling (Chen et al., 1985; Dludla et al., 2017). This reduction in oxidative stress attenuates a progressive loss in cardiac efficiency and cardiac fibrosis that would have progressed to more severe clinical outcomes prior to intervention (Seddon et al., 2007; Talasaz et al., 2013). Data from multiple studies indicated that NAC elevated levels of SOD and glutathione in cardiac myocytes, while reducing levels of TGF-β, lipid hydroperoxides and various biomarkers for oxidative stress (Haleagrahara et al., 2011; Talasaz et al., 2013; Dludla et al., 2017). Obesity and T2DM both exhibit a characteristic feature of hypercoagulable states through chronic inflammation associated with obesity and dysregulation of platelet aggregation (Anderson and Weitz, 2010; Blokhin and Lentz, 2013; Widjaja et al., 2019). Studies have uncovered that NAC may have a potential role in reducing the likelihood of thrombus generation through elevation of platelet glutathione levels and nitric oxide (Girouard et al., 2003; Martinez de Lizarrondo et al., 2017; Craver et al., 2020). The elevation in platelet glutathione ameliorated platelet ROS preventing oxidative constituents to induce coagulation cascades (Wang et al., 2016). It was also indicated that NAC may exert antagonistic effects toward Von Willebrand factor, a necessary component of coagulation cascades, reducing the risk of thrombosis and stroke (Wang et al., 2016; Martinez de Lizarrondo et al., 2017). Through elevating levels of nitric oxide, NAC may have a possible role in regulation of high blood pressure in obese individuals via nitric oxide mediated vasodilation (Zicha et al., 2006; Gibson et al., 2011). NAC’s cardioprotective abilities also correlate to its ability to reduce the expression of malic enzyme, fatty acid synthase and other enzymes involved in biosynthesis of triglyceride and cholesterol biosynthesis pathways (Lin and Yin, 2008; Korou et al., 2010; Korou et al., 2014; Ma et al., 2016). This cardioprotective ability may indicate that NAC may play a role in prevention of atherosclerosis.



Vitamin E

Vitamin E (VitE) primarily describes a group of eight compounds known as tocopherols and tocotrienols where each group consists of α, β, γ, and δ tocopherol/tocotrienol compounds (Colombo and vitamin, 2010; Rizvi et al., 2014). Each of the eight compounds, has shown to elicit some degree of antioxidant properties. However, of all the compounds the constituent α-tocopherol (αT) possesses the highest physiological concentrations (Baxter et al., 2012). It has been shown extensively that αT acts as an antioxidant through its chromanol ring, allowing it to scavenge and remove ROS preventing oxidative damage (Ahsan et al., 2015). Through their lipophilic characteristics, αT serves to protect polyunsaturated fatty acids present in membrane phospholipids and lipoproteins to stabilize cellular membranes (Kuznetsov et al., 1993; Wallert et al., 2014; Galmes et al., 2018). Many studies have suggested a positive correlation between αT and attenuating inflammation, clinical disorders and promoting immune system functionality (Galmes et al., 2018; Lewis et al., 2019). This research along with VitE being widely available, obtained solely from the diet particularly from vegetable oils, has peaked interest into incorporating αT supplementation into many treatment protocols of various clinical disorders including metabolic syndrome where individuals are shown to have lower levels of αT (Montonen et al., 2004; Mehmetoglu et al., 2011). This may indicate that the development and progression of obesity related metabolic syndrome could in part be attributed to reduced levels of αT (Lira et al., 2011).

Recent in vivo studies in models of obesity and human studies have indicated that αT supplementation was capable of attenuating inflammatory processes by reducing the expression of IL-6, TNF-α, malondialdehyde and C reactive protein while increasing antioxidant constituents (Patrick and Uzick, 2001; Wong et al., 2017). Furthermore, αT may also act to inhibit pathways that are activated by ROS such as p38 MAPK (Schett et al., 2008; Thalhamer et al., 2008; Wang et al., 2011; Wong et al., 2017). These pathways tend to be elevated in obese individuals, various inflammatory pathologies and are diminished with αT supplementation (Wong et al., 2017; Donohoe et al., 2020). Administration of αT in obese individual induces differentiation of macrophages toward an M2 phenotype that exhibits anti-inflammatory effects (Alcala et al., 2015; Ray et al., 2016). Thus, αT may have a plausible role in reducing inflammation mediated by ROS-induced oxidative damage and exert effects on immune system functionality (Lee and Han, 2018).

The ability of αT to reduce total cholesterol and triglycerides has yielded promising results in metabolic syndrome patients and in prevention of obesity associated atherosclerosis (Upston et al., 2003; Wong et al., 2017). These beneficial effects elicited by αT are mediated through the reduction of low density lipoprotein (LDL), high density lipoprotein (HDL) and total cholesterol levels (Upston et al., 2003; Kirmizis and Chatzidimitriou, 2009; Wong et al., 2017). In murine models of diet induced obesity, αT diminished the degree of hepatic steatosis and circulating triglycerides indicating a plausible role in the prevention of atherosclerosis and NASH, associated with obesity (Kawanaka et al., 2013; Alcala et al., 2015). Cumulative evidence across diabetic individuals, and various animal models indicate that αT is able to reduce lipid peroxidation within cellular membranes and reduce overall lipid content in circulation (Kuznetsov et al., 1993; Wiseman et al., 1995; Eder et al., 2004). This same reduction of lipids can also be seen within adipocytes as αT may serve a role in shifting the metabolic profile of obese individuals toward normalcy. These deviations within adipocytes in obese individuals compared to non-obese individuals includes an elevation of matrix metalloproteinase activity and collagen deposition (Sun et al., 2013; Lauhio et al., 2016). The accumulation of collagen prevents adipocyte expansion and may contribute to the phenotype and inflammation seen in obesity (Unal et al., 2010; Jaoude and Koh, 2016; Lin et al., 2016; Wong et al., 2017). However, supplementation with αT promoted adipocyte differentiation and expansion indicating that αT may play a role in downregulating pathways associated with collagen accumulation and abnormal adipocyte growth to attenuate the pathogenic obesity phenotype (Kim et al., 2007).

Cumulative studies have indicated that αT supplementation reduces biomarkers of lipid peroxidation in T2DM patients and improve insulin sensitivity (Wu et al., 2007; Thalhamer et al., 2008; Murer et al., 2014; Niki, 2015). The elevation in insulin sensitivity may be attributed to the anti-inflammatory action of αT in visceral adipose tissue, by reducing the level of p38 phosphorylation, which is associated with many inflammatory responses and insulin resistance (Wu et al., 2007; Wong et al., 2017). Through scavenging of ROS, αT may serve to ameliorate the impact that persistent hyperglycemic conditions have on promoting ROS production and inflammatory cascade activation (Alcala et al., 2015; Wong et al., 2017). Thus, there may be a role linking αT’s effects on inflammatory cascades that may lead to the attenuation of the diabetic phenotype (Lee et al., 1999).

The actions of αT have shown to attenuate production of ROS and activity of protein kinase C (PKC) pathways associated with cellular cascades that promote proliferation and differentiation (Martin-Nizard et al., 1998). These cascades have shown to be affected by αT through increasing the expression of biological compounds that inhibit PKC resulting in the downregulation of a multitude of cascades (Engin, 2009). Among these cascades, αT exhibits an inhibitory effect on the proliferation of vascular smooth muscle cells that may contribute to CVD diseases such as atherosclerosis (Nakashima et al., 1998), indicating that αT may have a plausible role in cardio protection (Engin, 2009; Rizvi et al., 2014). Evidence has highlighted that αT serves a role in cardioprotective mechanisms through prevention of retinal vascular disease in hyperglycemic states associated with T2DM patients by inhibition of these PKC mediated pathways (Engin, 2009). αT may also serve to attenuate platelet aggregation, stimulate prostacyclin release, and elevate nitric oxide synthase (Rizvi et al., 2014). Moreover, αT reduced the systolic blood pressure through increasing nitric oxide synthase activity in murine models of hypertension (Tran and Chan, 1990; Rizvi et al., 2014). Thus, the elevation of prostacyclin and nitric oxide synthase uncovers a plausible cardioprotective mechanism against hypertension as both are potent vasodilators (Moncada and Vane, 1979; Ahmad et al., 2018). Evidence accumulated across in vitro studies suggest that αT may lower the levels of TNF-α induced stimulation of intracellular cell adhesion molecule (ICAM-1) and VCAM-1 (Kirmizis and Chatzidimitriou, 2009; Cook-Mills et al., 2013; Cook-Mills, 2013; Rizvi et al., 2014). This downregulation may indicate diminished platelet aggregation and plausible reduction in the risk for atherosclerosis and thrombosis (Nakashima et al., 1998; Rizvi et al., 2014).



Heme Oxygenase-1

Heme oxygenase-1 (HO-1) has been established as a stress-inducible enzyme that possesses cytoprotective, anti-inflammatory and antioxidant properties (Nath, 2006; Araujo et al., 2012). Other functions include its role in the rate limiting step for heme degradation as it exerts an indirect antioxidant effect in this manner through the degradation products (Nath, 2006). Heme is a potent pro-oxidant that serves to increase production of ROS seen in many pathological states (Wu et al., 2019). HO-1 degrades heme through a series of catabolic steps that yield products including biliverdin, carbon monoxide (CO) and free iron (Gozzelino et al., 2010). These effects have sparked interest into multitudes of studies for incorporation into therapeutic regimens for a plausible impediment of disease progression in various inflammatory diseases, CVD and metabolic dysregulation associated with obesity (Durante, 2003; Pae and Chung, 2009; Bereczki et al., 2018).

The importance of functioning HO-1 has been shown by in vivo HMOX1 gene KO murine models (Poss and Tonegawa, 1997; Chan et al., 2011; Ayer et al., 2016). Studies have shown that induced deficiency of HO-1 results in chronic inflammatory states with elevated levels of pro-inflammatory cytokines that are similar to the levels in various inflammatory diseases (Poss and Tonegawa, 1997; Chan et al., 2011; Lenoir et al., 2017). The anti-inflammatory effects elicited by HO-1 under normal conditions can be attributed to its ability to degrade free heme. In excess, free heme has the capability to contribute to the pathology of various inflammatory diseases through destabilizing cellular membranes, damaging organelles and DNA (Kumar and Bandyopadhyay, 2005; Sparkenbaugh et al., 2015). Biliverdin, CO and free iron produced from degradation of heme have been shown to elicit anti-inflammatory actions through a variety of different cascades (Peterson et al., 2020). CO is able to reduce pro-inflammatory cytokines attributing to the toxicity of free heme including TNF-α, IL-1β and IL-2 through its actions on MAPK and NF-kβ pathways (Kruger et al., 2006; Wang et al., 2009; Burgess et al., 2010; Paine et al., 2010; Chan et al., 2011). This reduction in IL-2 may contribute to most of the anti-proliferative actions associated with CO signaling (Pae et al., 2004; Pae and Chung, 2009). Biliverdin may also regulate its anti-inflammatory actions through multiple mechanisms that involve the inhibition of NF-kβ and enhancing production of anti-inflammatory constituents (Pae and Chung, 2009). The free iron that is released from heme degradation possess inflammatory and cytotoxic characteristics (Dutra and Bozza, 2014). However, to compensate for the elevation in free iron from heme degradation, HO-1 upregulates ferritin synthesis that is capable of storing free iron preventing possible initiation of otherwise harmful inflammatory cascades (Balla et al., 1992; Pae and Chung, 2009). Through the suppression of pro-inflammatory mediators and antioxidant actions, HO-1 and the products of heme degradation are able to reduce inflammation and possibly diminish the phenotypic expression associated with obesity.

Through the reduction in proinflammatory mediators directly and indirectly, HO-1 may contribute to improving insulin sensitivity in diabetics, reducing adipogenesis and the probability of CVD development. Recent studies indicate that the reduced adipogenesis and adipocyte dysfunction may be attributed to the regulation of HO-1 mediated Wnt/β-catenin pathways that act to reduce expression of PPARγ and C/EBPα (Siersbaek et al., 2010; Cao et al., 2012; Khitan et al., 2014). Biliverdin, produced via HO-1 degradation of heme, may contribute to normalizing adipocyte function by exerting regulatory effects on PKC pathways (Wegiel and Otterbein, 2012; Khitan et al., 2014). By limiting adipogenesis, adipocyte proliferation and differentiation, HO-1 is able to reduce the inflammatory response within adipocytes promoting a more stable microenvironment (Cao et al., 2012; Wagner et al., 2017). This is due to smaller adipocytes being more responsive to insulin and release higher concentrations of adiponectin compared to larger adipocytes (Peterson et al., 2019). The improvement of insulin action can be attributed to the effects of HO-1 attenuating the expression of insulin resistance mediators including TNF-α, IL-1β and increasing the levels of adiponectin (Kim et al., 2008; Burgess et al., 2010; Cao et al., 2012). Adiponectin is a hormone that is released from adipocytes, that possesses anti-inflammatory characteristics and confers insulin sensitivity (Li et al., 2008). The actions of adiponectin resemble those of HO-1, that decreases the expression of TNF-α, IL-1β, NF-kβ signaling as well as other inflammatory mediators to subvert this pathological phenotype (Kim et al., 2008; Burgess et al., 2010; Aprahamian and Sam, 2011). Furthermore, adiponectin and HO-1 both serve to act on inhibiting AMPK pathway, which is profound in obesity associated inflammation (Hosick and Stec, 2012; Sodhi et al., 2015; Smith et al., 2016; Achari and Jain, 2017). By inducing adiponectin upregulation, HO-1 is able to work in concert with adiponectin involving AMPK cascades to improve insulin sensitivity, attenuate adipogenesis and progression of NASH (Burgess et al., 2010; Hwang et al., 2013; Sodhi et al., 2015; Smith et al., 2016; Peterson et al., 2019).

Further elucidating the importance of HO-1 in CVD associated with obesity is the therapeutic use of statins that have been shown to promote the induction of HO-1 to prevent atherosclerosis (Heeba et al., 2009). The ability of HO-1 to reduce ROS and pro-oxidant constituents diminishes the risk for oxidation of LDL providing cardioprotective mechanisms against generation of atherosclerotic plaques (Cheng et al., 2009). These plaques elicit higher levels of HO-1 induction that can likely be attributed to physiological response to prevent plaque progression, thrombus generation and activation of inflammatory cascades in vascular endothelium (Cheng et al., 2009; Durante, 2011). Moreover, HO-1 may attenuate vascular inflammation by reducing VCAM levels, apoptotic factors, release of inflammatory mediators from mast cells and upregulating anti-apoptotic factors (Takamiya et al., 2002; Kruger et al., 2006; Chan et al., 2011). The cardioprotective mechanisms provided through induction of HO-1 may be attributed to not only the direct actions of HO-1 but also the indirect actions mediated through heme degradation products CO and biliverdin (Chan et al., 2011; Hosick and Stec, 2012; Ayer et al., 2016). CO may activate soluble guanylyl cyclase cascades leading to vascular relaxation and diminishing platelet aggregation to prevent subsequent thrombus formation (Furchgott and Jothianandan, 1991; Cheng et al., 2009; Hosick and Stec, 2012; Ayer et al., 2016). The actions of CO and biliverdin also seem to mediate pathways acting on vascular smooth muscle cell proliferation in response to injury associated from the pathological microenvironment produced from obesity mediated inflammatory responses (Ollinger et al., 2005; Beck et al., 2010). Through the actions of CO and biliverdin, HO-1 inhibitory effect may attenuate the development and progression of multiple vascular diseases associated with metabolic syndrome and obesity (Frismantiene et al., 2018). The plausible contribution of HO-1 in prevention of CVD, NASH, insulin resistance, inflammation, apoptosis, oxidation and adipogenesis provide insight into the importance of utilizing HO-1 and associated pathways in therapeutic regimens to reduce the morbidity and mortality associated with obesity phenotypes.



Polyphenols

Polyphenols are a type of antioxidants that are commonly found in diets such as cranberries, red wine, green teas, and many others (Fraga et al., 2019). Although the direct mechanism of action of polyphenols is not well understood, many studies have shown that polyphenols attenuates the obesity phenotype and related comorbidities. Polyphenols has been shown to affect the gut microbiota and stimulate signaling pathways that promote fatty acid β-oxidation, mobilization of adipose tissue through lipolysis, lowering of body weight and fat mass by increasing fat use and energy expenditure through thermogenesis induction, adipose apoptosis, satiety, and an increase in basal metabolic rate (Castro-Barquero et al., 2018). Polyphenol’s inhibitory actions include the downregulation of adipose differentiation and adipogenesis, buildup of triglyceride, and chronic obesity-related inflammation.

Cumulative lines of evidence have demonstrated the beneficial role of polyphenol, found in cranberry extract, to improve diet induced obese phenotype in murine model. The study comparing a diet with high fat/high sucrose and high fat/high sucrose with cranberry extract revealed that polyphenols lowers total weight gain, visceral adipose tissue weight, hepatic triglyceride accumulation, and plasma cholesterol levels (Anhe et al., 2015). Also, mice given cranberry extract had similar fasting glycaemia but with lower fasting insulinaemia, which implies that polyphenols accentuate insulin sensitivity (Anhe et al., 2015). In addition to cranberry extract, the polyphenols present in pomegranate extracts have also been reported to prevent and treat obesity. Previous studies have reported that the pomegranate extract could decrease the level of lipids in the blood with significant anti-inflammatory activities. Recent in vitro study has also demonstrated that the polyphenols contained in pomegranate extracts in combination with probiotics induces synergistic effects that substantially reduces the triglyceride levels and intracellular lipid increase (Sorrenti et al., 2019). The study showed that in vitro treatment with pomegranate extract and probiotics improved the expression of fatty acid synthase, adiponectin, adipogenic markers, PPARγ and SREBP, as well as inflammatory cytokine, IL-6.

Parallel to the availability of cranberry polyphenols, resveratrol is found in red wine and it undergoes rapid metabolism in the small intestine and by the gut microbiota, leading to low plasma bioavailability and complex outcomes (Galiniak et al., 2019). Resveratrol has been shown to increase endurance during exercise by expanding air capacity and oxygen consumption and also increase insulin sensitivity of visceral white adipose tissue in mice (Springer and Moco, 2019). Consumption of resveratrol alters the composition of gut microbiota by increasing symbiotic bacteria like Bacteroidetes and decreasing opportunistic pathogens like Escherichia coli. The favorable stimulation of Bacteroidetes by resveratrol decreases the levels of trimethylamine-N-oxide (TMAO), which is associated with chronic diseases like obesity (Schugar et al., 2017). A fecal transplant of resveratrol-fed mice to obese mice improved their glucose homeostasis. Another study demonstrated that resveratrol’s protein interaction stimulates mitochondrial biogenesis and increases the use of lipids while decreasing glycolysis in the muscle and liver by the deacetylation of PGC1α, leading to an increase in energy expenditure (Lagouge et al., 2006). Concomitantly with protein interactions, resveratrol increases lipolysis and decreases adipogenesis by the inhibition of PPARγ and SIRT1 (Houtkooper et al., 2012). Resveratrol’s function as an antioxidant in redox cycling leads to the activation of Nuclear factor-erythroid 2-related factor-2 (Nrf2), increase in SOD, and reduction in BMI, blood pressure and body weight (Springer and Moco, 2019).

Recent advances have suggested the beneficial role of curcumin, a polyphenol antioxidant, in ameliorating obesity phenotype. In vitro evidence suggests the ability of curcumin in the browning of white adipocytes by increasing the protein levels of hormone-sensitive lipase and p-acyl-CoA carboxylase, augmenting lipolysis (Lone et al., 2016). Curcumin has been largely implicated in attenuating insulin resistance, hyperglycemia, hyperlipidemia and comorbidities associated with obesity (Aggarwal, 2010). The cumulative line of evidence suggest that curcumin can modulate various targets involved in obesity and metabolic diseases including, suppression of NF-κB and its regulation inflammatory cytokines (Singh and Aggarwal, 1995), IKK (Aggarwal et al., 2006), JNK (Wang et al., 2009). Studies in murine models also demonstrated the effectiveness of dietary curcumin in lowering triglycerides, cholesterol and phospholipid levels (Rao et al., 1970; Babu and Srinivasan, 1997). Apart from that, bergamot has also been shown to illicit antioxidant properties and ameliorate obesity and associated comorbidities. Bergamot is rich with flavonoids and phenolic compounds that have been shown to improve dyslipidemia and systemic inflammation in patients with metabolic syndrome (Musolino et al., 2019). The mechanistic action of bergamot is mediated by its compounds, bruteridin and melitidin, which bind the catalytic site of HMG-CoA reductase causing inhibition of cholesterol synthesis by replacing its endogenous substrate HMG-CoA (Leopoldini et al., 2010). The antioxidant property of bergamot also stimulates the growth of beneficial gut microbiota. Studies have provided preclinical proof of concept that induction of bergamot may improve the phenotypical and morphological features of NASH along with reduction in adipose tissue inflammation and inflammatory cytokines, IL-6 and TNFα, hypoadiponectinemia, insulin resistance and dyslipidemia (Musolino et al., 2020).

Epigallocatechin-3-gallate (EGCG) found in green tea is the most dominantly studied catechin. Although EGCG is known for its anti-cancer effects, studies have demonstrated a significant role in ameliorating diabetes. In the context of T2DM, EGCG promotes glucose homeostasis and inhibits lipogenesis and gluconeogenesis in the liver in murine models (Li et al., 2018). EGCG further attenuates the diabetic phenotype by improving the wound healing process through lowering of macrophage accumulation and inflammation (Zhang et al., 2018). When treated with EGCG, insulin resistance along with adipose differentiation is also lowered (Khan and Mukhtar, 2018). In the context of lipid metabolism, EGCG stimulates β-oxidation and lipolysis and downregulates lipogenic enzymes and lipid emulsification (Huang et al., 2014).



Carotenoids

Carotenoids are 40-carbon molecules found in red, yellow, and orange fruits and vegetables and are subdivided into carotenes and xanthophylls (Langi et al., 2018). Carotenes differ in structure from xanthophylls by the absence of oxygen groups, while xanthophylls may have multiple oxygen groups and are more soluble in water (Moran et al., 2018). The complexity of their actions on lipid membranes is due to its unique action of each carotenoid to various compositions of membranes (Johnson et al., 2018). In the small intestine, carotenoids are emulsified into micelles and their absorptions are facilitated by cell surface proteins (Bohn et al., 2017). After absorption, carotenoids are packaged into chylomicrons for transport to the liver and then released into blood. Carotenes are usually packaged into LDL, while xanthophylls are typically packaged into HDL (Wang et al., 2007). Both types of carotenoids are known for their functions in vision, but growing evidence suggests their anti-obesity activities (Coronel et al., 2019).

Studies have demonstrated the roles β-carotene play in adipose differentiation as a vitamin A precursor. β-carotene is cleaved by β-carotene oxygenase 1 (BCO1) into retinal and then rapidly metabolized to transcriptionally active retinoic acid, which is a type of vitamin A (von Lintig, 2012). In cell culture models, retinoic acid inhibits the expression of adipogenic transcription factors like PPARγ, leading to a decrease in adipogenesis (Schwarz et al., 1997). A rat study demonstrated that vitamin A reduce obesity, but only when supplemented to rats with mature adipocytes. When vitamin A was administrated in newborns, adipocyte proliferation was promoted, while supplementation to mature adipocyte led to loss of weight (Coronel et al., 2019). Relatedly, a human study with 29,000 participants revealed that elevated serum β-carotene levels are associated with lower cardiovascular and heart disease (Huang et al., 2018). Other human studies have demonstrated that higher β-carotene is associated with lower incidence of metabolic syndrome (Beydoun et al., 2019) and lower body weight (Berry et al., 2012) (PMID: 22396202). An analogous study showed that higher serum levels of β-carotene are related to lower BMI and subcutaneous adipose tissue in children (Canas et al., 2017).

Similar to carotenes, xanthophylls like fucoxanthin found in seaweed elicit physiological effects against the obesity phenotype and related diseases. Fucoxanthin is processed into fucoxanthinol in the gastrointestinal tract and then amarouciaxanthin A in the liver (Asai et al., 2004). The proportion of the metabolites of fucoxanthin differ in that more fucoxanthiol is found in the visceral organs like the lungs, heart, and kidneys, while amarouciaxanthin A is more preferentially found in adipose white tissue (Hashimoto et al., 2009). In vivo study with fucoxanthin and its metabolite’s actions against the characteristics associated with obesity, demonstrated reduction of serum and hepatic levels of triglycerides and inflammatory cytokines like PGE2, nitric oxide, IL-1, and TNF-α (Sakai et al., 2009; Hu et al., 2012). The study also demonstrated an increase in HDL levels, while LDL receptor levels decreased (Beppu et al., 2012). Furthermore, the administration of fucoxanthin led to decrease in both mRNA expression of fatty acid synthase and blood leptin levels (Beppu et al., 2013). Further studies have shown that fucoxanthin upregulates uncoupling protein-1 (UCP-1) in white adipose tissue and β3-adrenergic receptor (Adrb3), leading to increased thermogenesis, fatty acid oxidation, energy expenditure, and weight loss (Maeda et al., 2005). Fucoxanthinol and amarouciaxanthin accentuates these anti-obesity actions of fucoxanthin in later stages of adipocyte differentiation by suppressing PPARγ expression and glucose uptake (Kang et al., 2011).



Superoxide Dismutase

Various forms of mammalian SOD are characterized by where the enzyme is found and what metal it is catalyzed by. SOD1 and SOD3 are associated with copper and zinc, while SOD2 requires manganese (Zelko et al., 2002; Fukai and Ushio-Fukai, 2011). Despite the differing compartmentalization of each forms of SOD in the mitochondria, cytoplasm and extracellular matrix, they all share the function of neutralizing ROS (Miao and St Clair, 2009). Since all SODs are endogenous enzymes, SOD murine trials are conducted through mimetics like 4-Hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl (tempol), nanoformulated SOD (NanoSOD), and hydrodynamic injections of SOD3 plasmids. Although SODs are known for their essential role in handling oxidative stress, recent studies suggest a crucial role in ameliorating the obesity phenotype.

Mimetics of SOD have been shown to attenuate the obesity phenotype. Recent in vivo study demonstrated that mice supplemented with tempol in their diet weighed less than control mice (Samuni et al., 2010). In parallel, a recent study demonstrated that in vivo treatment of NanoSOD in high fat diet fed mice improved the levels of plasma triglyceride, liver triglyceride, and hepatic lipid accumulation (Perriotte-Olson et al., 2016). The anti-obesity effects of SOD were demonstrated when mice received hydrodynamic injections of SOD3 plasmids (Cui et al., 2014). The mice induced with SOD3 showed improvement in body weight which was similar to mice fed a regular chow, as compared to high fat diet fed mice (Cui et al., 2014). Concomitantly, the administration of SOD3 led to smaller epididymal, inguinal, and perirenal white adipose tissues in comparison to the same diet without SOD3 (Cui et al., 2014). Furthermore, the study showed that mice fed a high fat diet with adenoviral SOD3 vectors had lower liver weight, levels of triglycerides, cholesterol by weight, and quantity of non-esterified fatty acids, compared to mice fed a high fat diet (Cui et al., 2014). The study provided a conclusive evidence that the induction of SOD3 improved glucose tolerance and insulin resistance in high fat diet fed mice (Cui et al., 2014).

Several studies have demonstrated that SOD analogs have anti-obesity effects in the molecular level by influencing metabolic pathways and related enzymes. In a cell culture of adipocytes, tempol lowered the cellular level of PPARγ and PPARα, and this led to the downregulation of fasting-induced adipose factor (FIAF) (Samuni et al., 2010). PPARγ and PPARα positively regulate FIAF in the liver and skeletal muscle during the fasted state and can lead to adipogenic outcomes (Dutton and Trayhurn, 2008). In a similar study, mice administered with NanoSOD had markedly decreased levels of fatty acid metabolic enzyme Carnitine Palmitoyl Transferase and a lipogenic de novo enzyme fatty acid synthase (Perriotte-Olson et al., 2016). This study also revealed the downregulation of the ERK1/2 signaling pathway by NanoSOD. The ERK1/2 pathway can lead to obesity-linked inflammation by the activation of NF-κB (Hennig et al., 2006). In conjunction, the levels of CPT1α, CPT1β, PGC1α, PGC1β, and UCP2, which are mRNA genes associated with energy expenditure and lipolysis, were higher when mice were given SOD3 (Cui et al., 2014).

Inflammation by itself or caused by excess macrophage is intricately linked with obesity, and the induction of SODs alleviates these outcomes. Studies have shown that mice fed a high fat diet and administered NanoSOD, showed improvement in obesity-related macrophage accumulation levels and inflammatory markers like TNFα, MCP1, and MMP12 improved (Perriotte-Olson et al., 2016). In a related study, mice that were fed a high fat diet had crown-like signs of macrophage infiltrations, while mice that were given a high fat diet and injected with SOD3 had minimal signs of infiltrate (Cui et al., 2014). Activated F4/80+/CD11c+ macrophages form these crown-like structures and leads to the remodeling and expansion of adipose tissue (Sun et al., 2011). The mRNA levels of obesity-related inflammation genes like F4/80, TNFα, CD11c, MCP1 and IL6 were lower in these SOD3-administered mice and hepatic de novo lipogenesis genes like SREBP1c, fatty acid synthase and Scd1 were higher in mice that were just given a high fat diet (Cui et al., 2014).




Conclusion

This review aims to highlight the therapeutic potential of seven antioxidants and their mechanistic actions in ameliorating the obese phenotype and associated comorbidities including cardiovascular diseases, NAFLD/NASH and T2DM. We demonstrate that obesity propagates cellular oxidative stress and the activation of a multitude of inflammatory signaling cascades that exacerbate the pathophysiological condition. Obesity mediated induction of oxidative stress promotes a shift from physiological homeostasis to favor physical profiles associated with metabolic syndrome. This shift leads to perturbations that include alterations within the phenotypic expression of adipocytes, cardiovascular damage, insulin resistance and abnormal accumulation of triglycerides playing key roles in the morbidity and mortality associated with obesity. Such pathological modifications promote disequilibrium within the redox state disturbing the functionality of antioxidant defense mechanisms. These alterations allow for the generation and sustained action of oxidative free radicals leading to cytotoxic, inflammatory, and apoptotic cascades to be continually initiated. The typical non-obese phenotype allows for scavenging of the oxidative radicals reducing the overall potential for damage. However, the loss of this defense contributes to developing the chronic inflammatory state associated with obesity. Therefore, the roles of various antioxidants were addressed for plausible therapeutic applications to improve clinical outcomes.

The contribution of antioxidants was investigated to determine their efficacy in attenuating the dysfunctional phenotype. Given the ease of availability of these antioxidants as dietary constituents and over-the-counter supplements enables individuals to reap the benefits at minimal cost. This offers an optimal potential therapy for the obese population to slow the development of the obese phenotype. Not surprisingly, the expression of these antioxidants seems to be reduced across in vitro or in vivo models and in obese individuals. This provides speculation that widespread oxidative free radicals may be a major contributor to the progression of the pathophysiology associated with obesity and the potential need for antioxidant supplementation in the obese population.

The actions of these antioxidants have a hallmark trait of being able to scavenge ROS reducing oxidative stress (Figure 2). Each individual antioxidant has its own characteristic mechanism to counteract the pathological environment based on their physical and chemical properties. For instance, the lipophilicity of αT and carotenoids enable them to elicit more beneficial effects within lipid membranes and lipoproteins compared to others. Some of these antioxidants were able to act through indirect and direct mechanisms allowing for the potential to act across various pathways such as HO-1, NAC, various polyphenols and carotenoids. Although there is a long list of endogenous and exogenous antioxidants that have been investigated previously to scavenge free radicals, however, the mechanistic action of each antioxidant is distinct in terms of the pathways they inhibit or stimulate. The specific properties of each antioxidant, listed in this review, provides insight into uncovering a link between which obesity induced metabolic dysfunction they are individually able to respond to optimally, hence these antioxidants were chosen for review. In the case of hypertension, it could be argued that many of the antioxidants may serve a cardioprotective role that is equivalent to each other. However, for hypertension and hyperglycemic conditions one may benefit more from antioxidants that promote insulin sensitivity and lowered blood pressure such as HO-1. Furthermore, many of the antioxidants may serve a role working in concert with one another promoting a synergistic effect across multiple signaling and inflammatory cascades that may attenuate obese phenotypes more-so than one individual antioxidant.




Figure 2 | Schematic representation demonstrating the beneficial role of antioxidants in modulating obesity phenotype. Obesity mediates excessive ROS production and inflammation which is further exacerbated by altered mitochondrial biogenesis and activation of macrophages from dysfunctional adipocytes. The antioxidant defense mechanism scavenges ROS and ameliorates obesity phenotype.



Primarily, the mechanistic actions of each individual antioxidant favored normalization within the inflammatory responses encouraging the progression toward non-obese phenotypes. By acting through inflammatory cascades such as PKC and NF-kβ, these antioxidants serve to reduce the levels of various inflammatory mediators including TNF-α, IL-1 β, VCAM-1, and IL-6 (Carlsen et al., 2009; Kirmizis and Chatzidimitriou, 2009; Burgess et al., 2010; Rizvi et al., 2014; Lee and Han, 2018). Furthermore, antioxidants restore the shift in redox state during altered thermogenesis under diseased metabolic conditions (Wood Dos Santos et al., 2018). The antioxidants, like polyphenols and carotenoids, through induction of thermogenesis, improves the expression of thermogenic markers like UCP1, hence improving the overall mitochondrial function and redox imbalance (Wood Dos Santos et al., 2018). In addition, the activity of proliferative and differentiative cascades within adipocytes were improved leading to ameliorated expressions of PPARγ and C/EBPα (Schwarz et al., 1997; Calzadilla et al., 2011; Cao et al., 2012; Khitan et al., 2014; Springer and Moco, 2019). These effects resulted in a multitude of improvements including enhanced insulin sensitivity, adipocyte functionality, reduced circulating triglycerides, adipogenesis and fat mass (as summarized in Table 1). This infers that each antioxidant has the capability to attenuate the development and progression of associated comorbidities through their own mechanisms. Thus, indicating that there may be a strong relationship between antioxidant action and alleviating obesity induced oxidative damage and metabolic dysfunction. The various roles that antioxidants possess may provide a key to unlocking the optimal therapy for the pathophysiology of obesity. More research is required to determine the efficacy of antioxidants working in concert with one another and with current pharmacotherapy in preventing/reverting associated comorbidities of obesity.


Table 1 | Summary of mechanistic action of antioxidants in ameliorating obesity phenotype and associated comorbidities.
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Sirtuins, NAD + dependent proteins belonging to class III histone deacetylases, are involved in regulating numerous cellular processes including cellular stress, insulin resistance, inflammation, mitochondrial biogenesis, chromatin silencing, cell cycle regulation, transcription, and apoptosis. Of the seven mammalian sirtuins present in humans, Sirt6 is an essential nuclear sirtuin. Until recently, Sirt6 was thought to regulate chromatin silencing, but new research indicates its role in aging, diabetes, cardiovascular disease, lipid metabolism, neurodegenerative diseases, and cancer. Various murine models demonstrate that Sirt6 activation is beneficial in alleviating many disease conditions and increasing lifespan, showing that Sirt6 is a critical therapeutic target in the treatment of various disease conditions in humans. Sirt6 also regulates the pathogenesis of multiple diseases by acting on histone proteins and non-histone proteins. Endogenous and non-endogenous modulators regulate both activation and inhibition of Sirt6. Few Sirt6 specific non-endogenous modulators have been identified. Hence the identification of Sirt6 specific modulators may have potential therapeutic roles in the diseases described above. In this review, we describe the development of Sirt6, the role it plays in the human condition, the functional role and therapeutic importance in disease processes, and specific modulators and molecular mechanism of Sirt6 in the regulation of metabolic homeostasis, cardiovascular disease, aging, and neurodegenerative disease.
Keywords: drug discovery, epigenetics, diseases, modulators, Sirt6, sirtuins
INTRODUCTION
Sirtuins are energy linked NAD + dependent proteins that are activated during calorie restriction (Corbi et al., 2012; Rack et al., 2015; Bheda et al., 2016; Yu et al., 2018), mainly altering the acetylation/deacetylation status of histones, thus regulating chromatin silencing. Proteomic studies suggest that human cells possess histones with various lysine acyl modifications and these sirtuins have specific deacetylating activities that remove acyl moieties from lysine, thus modulating gene expression, without altering the gene sequence itself (Kupis et al., 2016). This unique property of sirtuins and their ability to bind to various substrates and other moieties bearing acyl modifications allow us to examine different mechanisms involved in multiple diseases, thus showing the importance of sirtuins (Carafa et al., 2012). Sirtuins are epigenetic regulators, belonging to class III Histone Deacetylases (HDACs) (Rack et al., 2015) which are known to affect multiple pathways involved in various disease conditions including cancer, diabetes, cardiac failure, hypertrophy, cachexia, pulmonary fibrosis, aging etc. (Dryden et al., 2003; Vassilopoulos et al., 2011; Lee and Goldberg, 2013; Lee and Gu, 2013; Bheda et al., 2016; Kupis et al., 2016; Graham et al., 2018; Kanwal and Dsouza, 2019) These energy linked proteins were first discovered in the yeast cells, as silencing information regulator-2 (Sir-2) (Haigis and Sinclair, 2010; Grabowska et al., 2017; Graham et al., 2018; Rajabi et al., 2018). Orthologues of Sir-2 in mammals are known as sirtuins (Polito et al., 2010). In humans, sirtuins are divided into seven types (Figure 1, Mammalian sirtuins and their functions) (Sirt1- Sirt7), localized in different cellular components, that has crucial role in various cellular processes (Kobayashi et al., 2005; Haigis and Sinclair, 2010; Vassilopoulos et al., 2011; Hoffmann et al., 2014; Wu et al., 2015; Tang, 2016; Dai et al., 2018; Graham et al., 2018; Wang et al., 2018; Kanwal, 2018). Significant differences exist between sirtuin homologues in their variable N and C terminal extensions with conserved C-terminal extensions. Among the 7 types of sirtuins, Sirt6 is an essential sirtuin in humans that is localized in the nucleus. Like other sirtuins, Sirt6 is also a stress responsive protein deacetylase, but unlike other sirtuins, in addition to its deacetylase activity, it also transfers ADP ribosyl via mono-ADP ribosyltransferase enzyme. In humans, Sirt6 has a plethora of functions, including DNA repair, telomerase function, genomic stability, cellular senescence, and metabolic homeostasis (Figure 2: Clinical significance of Sirt6 in various diseases) (Michishita et al., 2008; Watroba and Szukiewicz, 2016). Until recently, Sirt6 was mainly known for chromatin signaling. Recent data indicate that Sirt6 is involved in various disease conditions mentioned above (Khan R. I. et al., 2018); due to their action on multiple substrates and catalytic sites (Tasselli et al., 2017). Studies indicate that they control activities of p53, FOXO proteins, NF-KB, PGC-1α, PARP1, TNFα, GCN5, HIF1α, which are involved in the pathogenesis of various diseases (Kawahara et al., 2009; Dominy et al., 2012; Zwaans and Lombard, 2014). This review focuses on Sirt6, its mechanism(s) in multiple disease states, its significance in human health, and as a therapeutic target in drug discovery.
[image: Figure 1]FIGURE 1 | Mammalian sirtuins and their functions.
[image: Figure 2]FIGURE 2 | Clinical significance of Sirt6 in various diseases. Sirt6 is a nuclear sirtuin activated by CR, NAD+, resveratrol etc., promoting deacetylation of histone which plays a major role in (a) Diabetes: increased insulin sensitivity, insulin secretion, suppress gluconeogenesis, decrease glucose uptake. (b) Lipid metabolism: increased lipolysis, increased fatty acid oxidation, decreased cholesterol synthesis. (c) Neurodegenerative diseases: decreased phosphorylation of Tau proteins, prevent cerebrovascular ischemia and brain DNA damage (d) Cardiovascular diseases: decrease TG synthesis, attenuates cardiac hypertrophy, prevents failing of heart, resistance to hypoxic damage (e) Aging: decreased ROS production, maintain genomic stability, control metabolic diseases. Abbreviation: Ac, Acetylated; CR, calorie restriction; TG, triglycerides; ROS, reactive oxygen species.
SIRT6: IMPORTANCE AND RECENT DEVELOPMENT
Sirt6 is a NAD+ dependent nuclear histone deacetylase, having deacetylase, deacylase and mono-ADP ribosyltransferase activity. In the past 5 years, the development of Sirt6 suggests a crucial role in a broad spectrum of metabolic processes. Sirt6 has a significant role in maintaining genetic stability and DNA repair, by activating several DNA-repair genes (Mao et al., 2011; Khan R. I. et al., 2018). It was identified as a suppressor of genomic instability due to its association with chromatin through its ability to modulate base excision-pair repair and double strand break repair (Kugel and Mostoslavsky, 2014). In addition to maintaining genetic stability, it also plays a crucial role in intermediary metabolism including glucose metabolism, lipid metabolism, circadian metabolism, etc. (Watroba and Szukiewicz, 2016; Tasselli et al., 2017). Studies in the recent past have also shown implications of Sirt6 in various diseases including dyslipidemia, diabetes, heart disease, cancer, neurodegenerative diseases, brain aging etc. (Roichman et al., 2016; Xiwen et al., 2016; D’Onofrio et al., 2017). Sirt6 is a longevity protein; various studies have demonstrated its involvement in increasing life expectancy (Schumacher, 2011; Kanfi et al., 2012; Giblin and Lombard, 2016; Schumacher, 2017). Overexpression of Sirt6 in transgenic mice resulted in significantly longer half-life compared to wild-types, and that IGF-1 plays a crucial role in regulating lifespan (Kanfi et al., 2012). Sirt6 blocks the action of IGF-1, which is responsible for increasing lifespan (Sundaresan et al., 2012). There are two main theories that postulate how Sirt6 regulates longevity, they are: maintenance of genetic stability and regulation of metabolism, and various studies show that either of these theories contribute to Sirt6’s function in longevity (Mostoslavsky et al., 2006; Michishita et al., 2008; Kanfi et al., 2012). Sirt6 knockout mice died within a month of birth due to the development of significant metabolic abnormalities due to deficiency of IGF-1 (Watroba and Szukiewicz, 2016). Lack of IGF-1 was correlated with a decrease in adipose tissue, lordokyphosis, and severe hypoglycemia (Lombard et al., 2008; Peshti et al., 2017; Ferrer et al., 2018). Another study reveals the role of Sirt6 in longevity by the maintenance of genetic stability (Tian et al., 2019). The mechanism involved is double-strand break repair of DNA; an activity controlled by Sirt6 resulted in an increase in lifespan in animal models (Mostoslavsky et al., 2006; Lombard et al., 2008; Tian et al., 2019). Macaque monkeys that lacked the gene for Sirt6 died a few hours after the birth and exhibited prenatal developmental retardation (Zhang W. et al., 2018). In this study, it was observed that the brain was underdeveloped, suggesting low levels of Sirt6 can lead to neurodegenerative diseases and brain aging (Zhang W. et al., 2018; Naiman and Cohen, 2018; Niu, 2019). Sirt6 is necessary in human development as shown by a study that the deletion of Sirt6 in humans can cause perinatal lethality (Ferrer et al., 2018). Several other studies have highlighted telomeres’ role in aging and its association with Sirt6 (Aubert and Lansdorp, 2008; Tennen et al., 2011). With aging, the length of the telomere declines, but Sirt6 by its deacetylation activity, maintain the length of telomeres, thus preventing telomere sequence loss (Aubert and Lansdorp, 2008; Cacchione et al., 2019; Cao et al., 2019). Cells lacking Sirt6 had malformed telomere structure and also replication associated sequence loss of telomeres (Aubert and Lansdorp, 2008). Apart from telomeres, mammalian aging and aging related disorders are also associated with abnormal IGF-Akt signaling, which in turn is controlled by Sirt6 (Pillai et al., 2014). Heart failure is one of the age-related disorder in mammals, where the IGF-Akt on sustained activation promotes hypertrophy and heart failure (Wang et al., 2015; D’Onofrio et al., 2017; Lee and Kim, 2018), whereas Sirt6 impedes IGF-Akt signaling via c-Jun by deacetylation of H3K9 (Sundaresan et al., 2012). Few studies found that failing hearts of humans and mice showed decreased levels of Sirt6, suggesting that low levels of Sirt6 increase the activity of IGF-Akt, leading to initiation and progression of cardiac hypertrophy and heart failure (Sundaresan et al., 2012; Zhang D. et al., 2018). Osteoporosis is yet another age-related disorder in mammals, and recent studies have found that Sirt6 prevents osteoporosis, but the mechanism remains unclear. Sirt6 knockout mice suffering from osteopenia, exhibited more significant bone loss than the non-mutant mice (Zhang D. et al., 2018), indicating that Sirt6 was involved in decreased osteoclast activation (Zhang D. et al., 2018; Wang and Mbalaviele, 2019).
SUBSTRATES FOR SIRT6
Sirt6 functions are diversified (Pan et al., 2011; Kuang et al., 2018). They include different molecular pathways associated with glycolysis, DNA repair, gluconeogenesis, cardiac hypertrophic responses, neurodegeneration, and tumorigenesis due to its activity on varied number of substrates, which include PARP1, TNFα, GCN5, HIF1α, etc. (Liu et al., 2012; Sundaresan et al., 2012; Li et al., 2017; Kuang et al., 2018; Khan R. I. et al., 2018; Yang H. et al., 2019). HIFs are transcription factors that are expressed as regulators of genes during cellular deprivation of oxygen. Overexpression of HIFs is implicated with tumor growth and metastasis, and is involved in initiating angiogenesis (Jun et al., 2017; Pezzuto and Carico, 2018). Sirt6 can inhibit these activities of HIF. Thus activation of Sirt6 controls tumor growth and metastasis by regulating the overexpression of HIF1α (Zhong et al., 2010; Zwaans and Lombard, 2014; Yang Z. et al., 2019).
TNF-α, a Sirt6 substrate, is a proinflammatory cytokine that is involved in various inflammatory pathological processes (Ravussin and Smith, 2016; Josephs et al., 2018), and increased expression of Sirt6 inhibits TNF-α (He et al., 2017). Although Sirt6 is essential in the deacetylation process, the de-fatty acylation, specifically the hydrolysis of lysine units at the 19 and 20 positions of H3 histone, regulates TNF-α secretion (Jiang et al., 2016). Catalysis of fatty acyl lysine hydrolysis by Sirt6 is more efficient when compared to deacetylation (Jiang et al., 2013). Sirt6 has a significant role in chronic inflammation due to its association with TNF-α. Cells treated with TNF-α had decreased levels of Sirt6 in a dose dependent manner, identifying a symbiotic relationship between TNF-α and Sirt6 (Yeo et al., 2017). In addition to the above, Sirt6 attenuates inflammatory response through inhibition of NF-κB signaling (Li Z. et al., 2018; Santos-Barriopedro et al., 2018; Santos-Barriopedro and Vaquero, 2018).
Sirt6 binds to and activates GCN5, thereby inhibiting the acetylation of PGC-1α (Peroxisome Proliferator activated Receptor coactivator one alpha) and decreasing gluconeogenic gene expression (Giblin and Lombard, 2016; D’Onofrio et al., 2017; Kuang et al., 2018; De Céu Teixeira et al., 2019). This correlation between Sirt6 levels and glucose metabolism is a key in understanding involvement of Sirt6 in the pathogenesis in diabetes mellitus and a potential therapeutic target in the management of the disease (Dominy et al., 2012; D’Onofrio et al., 2017; Kuang et al., 2018).
Sirt6 deacetylase, along with FoxO3a, can reduce LDL-cholesterol levels by regulating the expression of PCSK9 (Proprotein Convertase Subtilisin/Kexin Type 9) (Chaudhary et al., 2017). PCSK9 is a gene that regulates LDL receptors, which in turn is involved in decreased LDL clearance from the circulation in the hepatocytes (Spolitu et al., 2019). FoxO3 recruits NAD+ -dependent Sirt6 deacetylase, to the promoter region of the PCSK9 gene for the deacetylating histone H3 at lysine 9 and 56, which resulted in suppression of the expression of PCSK9 gene, thereby promoting LDL receptors and subsequent hepatic clearance of pathogenic LDL (Tao et al., 2013a; Gao et al., 2018). Activation of Sirt6 inhibited PCSK9, thus positively regulating hypercholesterolemia. Therefore Sirt6 could be a potential target in the treatment of dyslipidemia (Tao et al., 2013a; Chaudhary et al., 2017; Glerup et al., 2017; Handelsman and Lepor Norman, 2018; Spolitu et al., 2019).
The activity of Poly (ADP-ribose) polymerase 1 (PARP1) is increased when acted upon by Sirt6 where it undergoes mono (ADP-ribosylation). This enzyme is involved in the modification of nuclear proteins, responsible for DNA repair and proliferation, differentiation and tumor transformation (Xu et al., 2015; Rizzo et al., 2016; Van Meter et al., 2016; Tang, 2017; Fujimoto et al., 2017; Yang et al., 2018). PARP-1 is also an essential regulator of Apoptosis Inducing Factor (AIF) mediated cell death (Song Y. et al., 2016). The expression levels of this protein were low under Sirt6 deficient conditions. Levels of PARP-1 were reduced faster under Sirt6 defective conditions (Zhang Q. et al., 2019).
Recently attention has been focused on the role of Thioredoxin-interacting protein (TXNIP), as overexpression of this protein is negatively associated with the insulin secretion by β-cells of the pancreas (Alhawiti et al., 2017; Nagaraj et al., 2018). Sirt6 influences the expression of TXNIP i.e. overexpression of Sirt6 inhibits TXNIP, thus making it an important therapeutic target (Kuang et al., 2018; Qin et al., 2018). In addition to the above, Sirt6 has been reported to act on various other substrates that could potentially be implicated in multiple other diseases for which a better understanding of the molecular mechanism is required (Tasselli et al., 2017; Khan R. I. et al., 2018; Gertman et al., 2018).
SIRT6 AND DISEASES
As we delve into the cellular level, Sirt6 deprivation leads to several changes in sensitivity to reactive oxygen species, glucose metabolism, and genomic stability (Mostoslavsky et al., 2006; Kanfi et al., 2012; Li et al., 2017; Peshti et al., 2017; Xu et al., 2019; Yepuri and Ramasamy, 2019). Mice placed on caloric restriction or Sirt6 activators overexpress Sirt6, improving cancer, and age-related disorders in animal models (Zhang et al., 2016a; Kuang et al., 2018; Iachettini et al., 2018; Rahnasto-Rilla et al., 2018), on the contrary, lower Sirt6 levels in mice showed shorter life expectancy, cancer occurrence, diabetes and other metabolic disorders increased. The animals also exhibited other complications such as curved spines, decreased subcutaneous fat, hypoglycemia, and lowered levels of IGF-1 (Peshti et al., 2017; Khan R. I. et al., 2018; Ghosh et al., 2018; Simon et al., 2019). This suggests that Sirt6 is a therapeutic target in aging, cardiac disorders, neurodegenerative disorders, and metabolic disorders (Rodgers and Puigserver, 2006; Serravallo et al., 2013; Demir et al., 2017; Harlan et al., 2019). Table 1.
TABLE 1 | Sirt6: action on various targets in diseases.
[image: Table 1]SIRT6 IN AGING
Aging is a complex, multifactorial process resulting in the accumulation of diverse harmful changes in the cell, increasing risk of disease and death. Multiple theories can explain the aging process but none can be considered absolute (Tosato et al., 2007; Jin, 2010; Sergiev et al., 2015). These include evolutionary theory, Free radical theory, Mitochondrial theory, Gene regulation theory, Telomere theory, Inflammation hypothesis, Immunity theory, Neuroendocrine theory, Neuroendocrine- immune method theory, and Caloric restriction (Wei et al., 2001; Gavrilov and Gavrilova, 2002; Tosato et al., 2007; López-Lluch and Navas, 2016). In addition to these theories, sirtuins too contribute to aging. Initially, sirtuins were first identified in yeast, which led them to discover its life prolonging activity. Studies in the worm flies confirmed the link between sirtuins and aging (Finkel et al., 2007; Guarente, 2007). Of the seven mammalian sirtuins, Sirt6 is pivotal in regulating lifespan (Kanfi et al., 2012; Hirvonen et al., 2017; Peshti et al., 2017). It promotes chromatin changes essential for DNA repair and maintenance of telomere structure, preventing genomic instability, and cellular senescence (Tasselli et al., 2017). The DNA repair mechanism in longevity is Double-Strand Break repair, where Sirt6 performs this function more efficiently (Tian et al., 2019). Sirt6 is thought to have a protective action on telomeres, as deficiency of Sirt6 causes a loss of telomere sequence associated with replication, leading to genomic instability and early cell death (Watroba and Szukiewicz, 2016; Naiman and Cohen, 2018). Furthermore, Sirt6 maintains redox homeostasis in mesenchymal stem cells, thus suggesting that it regulates longevity (Liao and Kennedy, 2016; Pan et al., 2016). IGF-1 is yet another factor that is related to aging. Lower levels of IGF-1 delayed the process of aging. Transgenic mice models that overexpressed the Sirt6 gene had low levels of IGF-1, slowing the aging process in mice (Kanfi et al., 2012; Ravi et al., 2019). Thus, Sirt6 can be targeted for therapeutic interventions in aging and aging related diseases (Khan R. I. et al., 2018).
SIRT6 IN CARDIAC DISORDERS
Congestive heart failure and coronary artery diseases are the two most common types of cardiac complications associated with Sirt6 activity (Bindu et al., 2016; D’Onofrio et al., 2017; Li et al., 2017; Guo et al., 2019; Yepuri and Ramasamy, 2019). Deficiency of Sirt6 in cardiomyocytes results in the accumulation of lactate due to impaired glucose oxidation, leading to various comorbidities relating to the heart, including heart failure (Khan D. et al., 2018). Sirt6 heterozygous mice were used to show lactic acid accumulation in mice hearts. Sirt6 deficiency increased FOXO1 localization in heart, upregulating PDK4, reducing oxygen consumption and ATP production, thereby demonstrating the protective role of Sirt6 in maintaining cardiac homeostasis (Khan D. et al., 2018). Another factor involved in the development of cardiac disorders is the formation of atherosclerotic plaque. No evidence suggests a direct link between Sirt6 and atherosclerotic plaque formation (Zi et al., 2019). However, Sirt6 deficiency enhances the expression of pro-inflammatory cytokines like Interleukin-1 and transcriptional signaling of NF-KB (Lappas, 2012; Yu et al., 2013), which are indirectly linked to the pathogenesis of atherosclerosis (Xu et al., 2016). In addition, Sirt6 depletion increased expression of ICAM-1 and PAI-1 and upregulation of p21 gene and reduction of eNOS (Figure 3, Schematic representation of molecular mechanism of Sirt6 in various diseases) further leading to atherosclerotic vascular disease (Yepuri and Ramasamy, 2019; Zi et al., 2019). Sirt6 is also involved in the pathogenesis of cardiomyocyte hypertrophy (Yu et al., 2013; Lu et al., 2016; Ravi et al., 2019; Kanwal et al., 2019b), which includes angiotensin-II induced and IGF-Akt signaling induced cardiac hypertrophy (Li et al., 2017). Increased expression of Sirt6 in cardiomyocytes decreased angiotensin-II action on cardiomyocytes (Yu et al., 2013; Zhang et al., 2017; Eguchi et al., 2018; Ianni et al., 2018). Angiotensin-II induced cardiac hypertrophy is blocked by over-expression of nicotinamide mononucleotide adenylyltransferase-II (Nmnat-II) that is responsible for activation of Sirt6 (Vitiello et al., 2017). Another pathway involved in cardiac hypertrophy is mediated through increased activation of IGF-Akt pathway (Yan et al., 2019) (Figure 3: Schematic representation of molecular mechanism of Sirt6 in various diseases), which was shown in Sirt6 deficient mice (Sundaresan et al., 2012; Vitiello et al., 2017).
[image: Figure 3]FIGURE 3 | Schematic representation of molecular mechanism of Sirt6 in various diseases. (A) Deacetylates H3K9, inhibiting NF-kB and differentiation of cardiac cells into myofibroblasts. Also binds to c-Jun, promoting deacetylation of H3K9, inhibiting the expression of NF-kB and IGF-Akt signalling. Inhibits activation of Ang 2 and STAT3 via Nmnat1 and NAD, together preventing Cardiac Hypertrophy and subsequently Heart Failure. (B) Exerts anti-inflammatory action in the endothelial cells via blockade of NF-kB, cytokines (i.e., IL-1, IL-6, IL-8), metalloproteinases (MMP-2, MMP-9), PAI-1, ICAM-1, and COX-2. Delays senescence by inhibiting p21 signalling and maintaining high levels of eNOS. (C) Prevents monocyte adhesion and Atherogenesis by inhibiting pro inflammatory mediators (ICAM-1, VCAM-1, MCP-1). Regulates Cholesterol levels by deacetylating H3K9 and inhibiting SREBP gene. (D) Enhances activity of GCN5, leading to down-regulation of gluconeogenesis-related enzymes and inhibiting gluconeogenesis via acetylation of PGC-1α and activation of PPARγ. It inhibits glycolysis by inhibiting glycolytic genes (PFK-1, GLUT-1, PGK-1) via inhibition of HIF-1α.
SIRT6 IN NEURODEGENERATIVE DISEASES AND BRAIN AGING
Alzheimer’s disease (AD) is involved in neurodegeneration, and characterized by dementia. AD is pathologically characterized by formation of beta amyloid plaques and neurofibrillary tangles known as tau proteins (Kocahan and Doğan, 2017; Takahashi et al., 2017). Oxidative stress, cell senescence, and aging are the major risk factors for the progression of this disease (Markesbery, 1999; Huang et al., 2016; Kerchner and Wyss-Coray, 2016; Xia X. et al., 2018; Butterfield and Boyd-Kimball, 2018; Trevisan et al., 2019). During the pathogenesis of AD, telomere length has a causal role. As cells divide, telomere length shortens, and this shortening is associated with cognitive impairment, amyloid plaque deposition and hyper-phosphorylation of tau protein that are characteristics of AD (Cai et al., 2013; Forero et al., 2016; Liu et al., 2016). Oxidative stress affects telomeres as they contain guanine, which undergoes oxidation to produce 8-oxo-7,8-dihydro-2-deoxyguanosine (8-oxodG) (Kawanishi and Oikawa, 2004; Cai et al., 2013). Sirt6 maintains telomere function as it prevents telomere dysfunction through WRN protein stabilization at telomeric chromatin (Mohamad Nasir et al., 2018). In addition to telomere maintenance, Sirt6 regulates tau protein stabilization during AD oxidative stress. Activation of Sirt6 maintains both genomic stability in the brain and leads to loss of tau protein stability via inhibition of GSK3α/β (Kaluski et al., 2017; Stein and Toiber, 2017; Kim H. et al., 2018). Sirt6 reduction alters DNA repair in the brain of an AD mouse model, and Sirt6 overexpression prevents Amyloid beta protein (Aβ42) induced DNA damage, thereby proving the beneficial effects of Sirt6 in AD (Jung et al., 2016; Tang, 2017). This is confirmed by the fact that the levels of Sirt6 are reduced in the brains of both AD containing mice as well as AD patients. In addition, Aβ42 decreased Sirt6 levels (Kaluski et al., 2017; Cacabelos et al., 2019). Sirt6 is associated with age related disorders. Activation of Sirt6 is protective in AD and other neurodegenerative disorders involving brain aging, thus proving to be an essential therapeutic target in the treatment of neurodegenerative disorders (Naiman and Cohen, 2018).
SIRT6 IN LIPID METABOLISM
Lipid metabolism disorders are pervasive and play a vital role in the pathogenesis of atherosclerosis, leading to cardiovascular diseases (Parhofer, 2016; Schofield et al., 2016). Recently Sirt6 has been shown to have a critical role in lipid metabolism (Ye et al., 2017; Assadi-Porter et al., 2018; Kuang et al., 2018) as it is involved in the regulation of fatty acid synthesis, triglyceride synthesis, cholesterol synthesis, fatty acid beta oxidation, lipolysis, adipogenesis and thermogenesis (Liu et al., 2012; Elhanati et al., 2013; Tao et al., 2013a; Tao et al., 2013b; Chen et al., 2017; Yao et al., 2017; Kuang et al., 2018; Gao et al., 2019). Lipid homeostasis and cholesterol biosynthesis are regulated by a transcription factor called Sterol regulatory binding proteins (SREBP), and the expression of SREBP is controlled by Sirt6 (Eberle et al., 2004). SREBP activation is also implicated in inflammation, autophagy, endoplasmic reticulum stress (Shimano and Sato, 2017). Sirt6 inhibits the expression of SREBP, which is indirectly linked with cholesterol biosynthesis, hence regulating Cholesterol homeostasis (Tao et al., 2013b; Ye et al., 2017). Sirt6 negatively regulates cholesterol biosynthesis by various pathways involving SREBP. It causes downregulation of SREBP by reducing mRNA expression (Kuang et al., 2018). Sirt6 is also recruited to the Srebp gene promoter (Figure 3: Schematic representation of molecular mechanism of Sirt6 in various diseases) by FOXO3, where it deacetylates H3K9 and H3K56 in the promoter regions of Srebp and suppresses the transcription levels of Srebp and its target genes (Tao et al., 2013b; Elhanati et al., 2013; Kugel and Mostoslavsky, 2014). It also inhibits SREBP’s subsequent conversion into active forms (Elhanati et al., 2013; Kugel and Mostoslavsky, 2014) and activates AMPK, leading to the phosphorylation and inactivation of SREBP (Kugel and Mostoslavsky, 2014; Kuang et al., 2018). The absence of Sirt6 leads to increased production of Triglycerides due to increased expression of genes involved in Triglyceride synthesis (Ye et al., 2017). The genes responsible for Fatty acid metabolism by beta oxidation is downregulated (Ye et al., 2017; Kuang et al., 2018). Sirt6 also regulates adipogenesis and thermogenesis, it is an essential factor in adipogenesis, by enhancing casein kinase 2 (CK2) activity (Chen et al., 2017; Kuang et al., 2017; Kuang et al., 2018). Similarly, expression of PGC-1α is a central regulator in thermogenesis. Overexpression of PGC-1α causes mitochondrial oxidative phosphorylation and expression of thermogenic genes. Sirt6 controls expression of PGC-1α, as depletion of Sirt6 decreases the appearance of PGC-1α, thus resulting in decreased thermogenesis (Yao et al., 2017; Kuang et al., 2018; Singh et al., 2020).
SIRT6 AND DIABETES
The prevalence of Type 2 Diabetes Mellitus (T2DM) is increasing at an alarming rate worldwide. With an increased understanding of the pathogenesis of T2DM various new therapeutic approaches are being developed to target the fundamental cause of T2DM, Sirt6 being one among them (Kitada et al., 2013; Bae, 2017; Chellappan et al., 2018). The pathophysiology of T2DM is characterized by many causes (Mahler and Adler, 1999). The primary cause of T2DM is decreased sensitivity of beta cell functioning to the levels of glucose, but recent studies have proven the crucial role Sirt6 in glucose stimulated insulin secretion (GSIS), enhancing the release of insulin (Mahler and Adler, 1999; Song M. Y. et al., 2016; Xiwen et al., 2016) (Figure 3: Schematic representation of molecular mechanism of Sirt6 in various diseases). Various studies show different mechanisms of how Sirt6 is involved in increasing beta cell function. One such pathway is Sirt6 suppresses expression of the thioredoxin-interacting protein (TXNIP), which is engaged in β-cell apoptosis (Shalev, 2014; Qin et al., 2018). Thus, Sirt6 maintains the functioning of beta cells. Another pathway where Sirt6 supports GSIS functioning of beta cells is via regulation of FOXO1 expression. Sirt6 inhibits FOXO1, maintaining the glucose-sensing ability of pancreatic β-cell and systemic glucose tolerance (Song M. Y. et al., 2016). Hence Sirt6 has proven to be a chief regulator in glucose homeostasis (Zhong et al., 2010; Gertman et al., 2018). Studies done on mice have been conclusive in showing that knockdown of Sirt6 can lead to complications, namely severe hypoglycemia leading to death (Lee et al., 2017; Kuang et al., 2018). The primary reason for this were increased uptake from the muscle and adipose tissue rather than intestinal uptake of glucose or increased secretion from the kidneys (Kuang et al., 2018). There is both in vitro and in vivo evidence, showing that increased glucose uptake may be due to deficiency of Sirt6 (Zhong et al., 2010; Zhong and Mostoslavsky, 2010). Sirt6 suppresses HIF1α (hypoxia inducible factor-1α), which is responsible for suppressing several genes like GLUT-1, LDH, and PDK-1, which coordinate various processes involving glucose metabolism such as glycolysis (Kim et al., 2006; Zhong et al., 2010; Laemmle et al., 2012; Khan D. et al., 2018; Kuang et al., 2018). Growth hormone and IGF-1 signaling alter the metabolism of glucose (Sundaresan et al., 2012; Takasaka et al., 2014). Sirt6 controls gluconeogenesis by the receptor PGC-1α and p53/FOXO1 signaling. Inhibition of PGC-1α activity by Sirt6 occurs via deacetylation of GCN5, increasing its acetyltransferase activity, which is a form of histone acetylation and thereby increases the acetylation of PGC-1α which leads to inhibition of hepatic gluconeogenesis and thereby hyperglycemia (Figure 3: Schematic representation of molecular mechanism of Sirt6 in various diseases) (Jeninga et al., 2010; Satoh and Imai, 2014; Sharabi et al., 2017; Kanwal and Dsouza, 2019; Singh et al., 2019).
SIRT6 MODULATORS
Sirt6 has a plethora of biological activities, making it a vital molecule, allowing researchers to identify Sirt6 modulators (Figure 4, Modulators of Sirt6) in developing effective therapeutic approaches to a broad spectrum of diseases. Some endogenous activators of Sirt6 include Lamin A and long chain free fatty acids (Feldman et al., 2013; Rahnasto-Rilla et al., 2016; Ghosh, 2019). Lamin A increases the deacetylation activity of Sirt6 and Sirt1 by directly interacting with the deacetylating proteins (Ghosh et al., 2013; Ghosh et al., 2015). Free fatty acids were also seen to increase the deacetylate ing activity of Sirt6. Free fatty acids stimulated Sirt6 deacetylase activity, where acyl group binding pocket binds to free fatty acids, splaying Sirt6 subdomains, thus stimulating deacetylase activity (Feldman et al., 2013). In addition to the above endogenous activators, Sirt6 is activated by CR (Caloric restriction), c-Fos protein, p53 and increased intracellular levels of NAD+ (Kugel and Mostoslavsky, 2014; Zhang et al., 2014; Zhang et al., 2016b; Li M. et al., 2018; Khan R. I. et al., 2018; Kuang et al., 2018; De Céu Teixeira et al., 2019). Although CR and NAD + activates all isoforms of sirtuins, free-fatty acids and c-Fos protein selectively activates Sirt6. Furthermore, other endogenous activators that indirectly activate Sirt6 include increased Sirt1, FoxO3a, and Nrf-1 (Tosato et al., 2007; D’Onofrio et al., 2017). Pyrrolo (1,2-α) quinoxaline derivatives are among the first discovered Sirt6 activators (Hassanieh and Mostoslavsky, 2018). UBCS039 is another activator of Sirt6 which is one of the first synthetic and specific activators of the same. It has been known to cause Sirt6 specific Histone H3 deacetylation and accentuate autophagy in various types of cancer cells thereby showing its tumor suppressor effects (Iachettini et al., 2018). Another novel Sirt6 activator, CL5D also regulates the process of Histone deacetylation but its exact mechanism and clinical relevance has not yet been clearly elucidated (Klein et al., 2020).
[image: Figure 4]FIGURE 4 | Modulators of Sirt6.
Polyphenols, such as quercetin and luteolin at higher concentrations activate Sirt6, whereas inhibit at lower levels. Thus polyphenols modulate Sirt6 activity in a concentration dependent manner (Rahnasto-Rilla et al., 2016; Rahnasto-Rilla et al., 2018; Heger et al., 2019). Cyanidin, another polyphenol, is a potent activator of Sirt6 producing 5–15 folds increase in Sirt6 activity compared to other polyphenols (Rahnasto-Rilla et al., 2018). These compounds are non-specific modulators of Sirt6, and are able to modulate the activities of other sirtuin isoforms. Selective small molecule activators of Sirt6 like MDL-800 bind to the allosteric site, increasing Sirt6’s deacetylase activity (Klein et al., 2017; You et al., 2017; Huang et al., 2018). This binding led to a significant and overall increase in deacetylation of H3K9ac and H3K56ac in HCC (human-hepatocellular-carcinoma cells) which prevented the proliferation and differentiation of HCC cells through cell cycle arrest thus proving that the activation of Sirt6 is crucial in the treatment of Hepatocellular Carcinoma (Huang et al., 2018). Fluvastatin, which competitively inhibits HMG CoA reductase, reduces cholesterol synthesis and is yet another activator of Sirt6 (Kim J. H. et al., 2018). Exposure of fluvastatin to HepG2 cells increased Sirt6 expression (Kim J. H. et al., 2018; Zhang C. et al., 2019). The mechanism underlying cholesterol regulation when fluvastatin increased Sirt6 expression was via phosphorylation of AMPKα and SREBP-1 pathway (Kim J. H. et al., 2018). Apart from activators, many small molecule Sirt6 inhibitors have been developed over time that directly acts on Sirt6 (Liu and Zheng, 2016). 2,4-dioxo-N-(4-(pyridin-3-yloxy) phenyl)-1,2,3,4-tetrahydroquinazoline-6-sulfonamide, a Sirt6 inhibitor, improved glucose tolerance in mice, and reduced insulin, triglycerides, and cholesterol levels indicating that a Sirt6 inhibitor could improve glycemic control in T2DM (Sociali et al., 2017; Khan R. I. et al., 2018). Trichostatin A (TSA) is an inhibitor of Sirt6 that selectively inhibits Sirt6 and no other mammalian sirtuins (Parenti et al., 2014; Wood et al., 2018; You and Steegborn, 2018). A study showed that TSA inhibited Sirt6 thus inhibiting deacetylation of p53 at lysine 382 (Wood et al., 2018), thus providing a lead compound in development of Sirt6 specific inhibitors in regulating apoptosis and stress resistance (Zhao et al., 2019). In addition to the above inhibitors, specific peptides and pseudo peptides including SDK (thioAc)TM21, HKK(thioAc)LM21, AKK(thioAc)LM21 were also studied for their ability to inhibit Sirt6 activity (Kokkonen et al., 2012; Rahnasto-Rilla et al., 2018). Derivatives of Quinazolinedione were recently discovered to inhibit Sirt6 activity, and these compounds were seen to sensitise the tumour cells to chemotherapeutic agents (Sociali et al., 2015; Rahnasto-Rilla et al., 2018). Their activity of inhibition of Sirt6 would have represented a potential therapeutic approach in the treatment of cancer, but this is not entirely true because Sirt6 acts as a double-edged sword in cancer, as activation of Sirt6 has shown to act as a tumor suppressor in many forms of cancer such as Colon, Ovarian, Prostate, Breast Cancer etc. (Lerrer et al., 2015; Lee et al., 2016; Xia Y. Q. et al., 2018) Although various Sirt6 modulators show a promising therapeutic intervention, Sirt6 under certain circumstances seems to play contradictory roles, the reason for this discrepancy is unknown, hence making it difficult to develop Sirt6 modulators (Gomes, Leal et al. 2019).
CONCLUSION
In an era where the sheer number of cases of metabolic and cardiovascular diseases is progressively escalating, resulting in a significant health challenge. Scientists are on a continuous search to discover novel molecular targets. One such target is Sirt6, an NAD + dependent histone deacetylase that regulates the expression of several essential genes. As a regulator of gene expression, Sirt6 has been implicated in cancer, neurodegenerative diseases, heart diseases, diabetes, and aging-related processes. Popularly known as “longevity protein,” Sirt6 plays a critical role in aging by controlling cellular processes including genomic stability, DNA-repair, maintenance of telomere length, thereby increasing lifespan. Sirt6 involvement in increasing lifespan requires a better understanding of the molecular mechanisms of Sirt6 in humans relating to aging. In cardiovascular diseases, Sirt6 is involved in regulating the heart's multiple pathophysiological conditions, including hypertrophy, atherosclerotic vascular disease, coronary artery disease, and heart failure. Abnormal lipid metabolism also plays a crucial role in the pathogenesis of heart disease. Sirt6 activation is beneficial in alleviating various factors involved in heart disease. The ubiquity of neurodegenerative diseases is increasing, and decreased levels of Sirt6 in degenerative disease animal models have given a clear understanding of its role, especially in AD. The purpose of Sirt6 in T2DM has been extensively studied, as it improves major pathophysiological defects in pancreatic β-cells, skeletal muscle, and tissues impaired during T2DM. Therefore, Sirt6 plays a crucial role in metabolic diseases and neurodegenerative diseases; future studies should be directed in developing genetic and pharmacologic activation of Sirt6. Various activators and inhibitors that directly and indirectly modulate the activity of Sirt6 have been discovered. Further studies on these Sirt6 modulators may generate potential therapeutic targets that may enhance therapy. Sirt6 has the potential to be a critical therapeutic target in clinical approaches to treating a broad spectrum of disease states. Due to the diversified effects of Sirt6, it poses both a challenge as well as a ray of hope for extensive studies to understand its precise mechanism and functioning, further as a potential therapeutic target, it can enhance or even substitute existing lines of therapy. Apart from the development of new modulators, extensive research must be done in concluding the roles of Sirt6 in various other diseases.
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A Class I Histone Deacetylase Inhibitor Attenuates Insulin Resistance and Inflammation in Palmitate-Treated C2C12 Myotubes and Muscle of HF/HFr Diet Mice
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Histone deacetylase (HDAC) inhibitors, which regulate gene expression by inhibiting the deacetylation of histones and nonhistone proteins, have been shown to exert a wide array of biological effects; these include anti-cancer, anti-obesity, and anti-diabetes effects, as well as cardiovascular-protective activity. However, the effects of class I HDAC inhibition on lipotoxicity in C2C12 myotubes and skeletal muscle tissue remain poorly understood. In this study, we investigated the molecular mechanism underlying the protective effect of class I HDAC inhibition under lipotoxic conditions, i.e., in palmitate (PA)-treated C2C12 myotubes and skeletal muscle tissue in high fat (HF)/high fructose (HFr) diet mice. PA treatment of C2C12 myotubes increased HDAC3 protein expression and impaired mitochondrial oxidation, resulting in increased mitochondrial ROS generation and an accumulation of intracellular triglycerides (TG). Prolonged exposure led to increased inflammatory cytokine expression and insulin resistance. In contrast, MS-275, a class I HDAC inhibitor, dramatically attenuated lipotoxicity, preventing PA-induced insulin resistance and inflammatory cytokine expression. Similar beneficial effects were also seen following HDAC3 knockdown. In addition, MS-275 increased the mRNA expression of peroxisome proliferator activator receptor γ-coactivator 1α (PGC1α) and mitochondrial transcription factor A (TFAM), which serve as transcriptional coactivators in the context of mitochondrial metabolism and biogenesis, and restored expression of peroxisome proliferator-activated receptor alpha (PPARα), medium-chain acyl-coenzyme A dehydrogenase (MCAD), enoyl-CoA hydratase, and 3-hydroxyacyl CoA dehydrogenase (EHHADH). In vivo, treatment of HF/HFr-fed mice with MS-275 ameliorated hyperglycemia, insulin resistance, stress signals, and TNF-α expression in skeletal muscle. Taken together, these results suggest that HDAC3 inhibition rather than HDAC1/2 inhibition by MS-275 protects against lipotoxicity in C2C12 myotubes and skeletal muscle, and may be effective for the treatment of obesity and insulin resistance.
Keywords: Histone deacetylase inhibitor, MS-275, Insulin resistance, Inflammation, C2C12, Lipotoxicity
1. INTRODUCTION
Obesity is a rapidly growing global epidemic, and an important comorbidity of numerous metabolic diseases including diabetes, dyslipidemia, hypertension, and cardiovascular disease (Eckel et al., 2005; Poirier et al., 2006). The link between obesity and insulin resistance is well known. As the primary organ for whole-body glucose absorption and disposal, skeletal muscle accounts for ∼70% of the body’s glucose consumption (Smith and Muscat, 2005). Therefore, any abnormality in glucose metabolism in muscle tissue may induce lipotoxicity, resulting in systemic lipid accumulation and insulin resistance (Petersen et al., 2007; Petersen and Shulman, 2002; DeFronzo and Tripathy, 2009). A tightly regulated balance between fatty acid intake, synthesis, and oxidation is critical for proper lipid metabolism, with prolonged disruption of this balance resulting in lipid accumulation and insulin resistance (Tumova et al., 2016). Ectopic lipid accumulation in muscle tissue produces lipid intermediates such as ceramides, diacylglycerol, and lysophosphatidic acid, which cause oxidative stress, iron dysregulation, and endoplasmic reticulum (ER) stress (Daemen et al., 2018). Fatty acids and various cytokines secreted from intermuscular adipose tissue and peri-muscular adipose tissue have also been shown to activate inflammatory signals (Sachs et al., 2019). This combination of lipid intermediaries and inflammatory signals stimulates serine kinases such as phospho-C-JUN-N-terminal kinase (p-JNK), IkB kinase (IKK), and protein kinase C θ (PKC θ), leading to insulin resistance (Glass and Olefsky, 2012; Wu and Ballantyne, 2017).
Recently, epigenetic dysregulation has been proposed as a key contributor to the development of obesity and diabetes (Ling and Ronn, 2019; Loh et al., 2019), with regulation of these events being a potential treatment target for these conditions (Ling and Ronn, 2019). Previous studies have demonstrated the efficacy of histone deacetylase (HDAC) inhibitors for the treatment of various metabolic diseases, such as obesity, type 1 and type 2 diabetes mellitus (DM), non-alcoholic fatty liver disease (NAFLD), and even chronic kidney disease (CKD) (Zhang et al., 2019; Christensen et al., 2011; Meier and Wagner, 2014). Ferrari et al. demonstrated that MS-275, a class 1-specific HDAC inhibitor, dramatically reduced fat mass and adipocyte size in a mouse model of diet-induced obesity (DIO) by increasing the rate of lipolysis and fatty acid β-oxidation, resulting in improved glucose tolerance and attenuation of fatty liver disease. Similar effects were seen in db/db mice (Galmozzi et al., 2013). In primary hepatocytes, MS-275 stimulated hepatic expression and secretion of FGF21, which serves as the master regulator of fat oxidation and ketogenesis, via H3K18ac-mediated CREBH signaling (Christensen et al., 2011). MS-275 was also shown to protect human islet cells and MIN6 murine cells against palmitate (PA)-induced cells death via the attenuation of activating transcription factor 3 (Atf3) and C/EBP homologous protein (CHOP) expression (Meier and Wagner, 2014). Finally, MS-275 was shown to attenuate DIO via the induction of white fat browning in mice (Galmozzi et al., 2013). However, the effects of class I HDAC inhibition on free fatty acid-induced insulin resistance and inflammation in the C2C12 myotubes and skeletal muscle of high fat (HF)/high fructose (HFr) diet mice is not known. In this study, we investigated the effects of MS-275 on PA-induced lipotoxicity in C2C12 myotubes and HF/HFr diet mice, and whether these effects were mediated by specific HDAC inhibition.
We found that MS-275 treatment of differentiated C2C12 myotubes improved PA-induced insulin resistance and inflammatory cytokine expression via the inhibition of JNK and nuclear factor-kappa B (NK-κB). Enhanced fatty acid oxidation and mitochondrial function were also observed following attenuation of lipotoxicity by MS-275. Similar beneficial effects were also seen following HDAC3 knockdown. In addition, in vivo treatment of HF/HFr-fed mice with MS-275 ameliorated insulin resistance, stress signals, and tumor necrosis factor (TNF)-α expression in skeletal muscle. Together, these results showed that MS-275 improved inflammation and insulin resistance in skeletal muscle, principally by inhibiting HDAC3, and may thus be a promising candidate treatment for obesity and diabetes-related insulin resistance.
2. METHODS
2.1. Cell Culture and Differentiation
Mouse myoblast C2C12 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics (10 μg/ml streptomycin and 100 IU/ml penicillin) at 37°C in a 5% CO2 atmosphere. C2C12 myoblasts were differentiated in DMEM supplemented with 2% horse serum, with medium changes every 3–5 days. Differentiation states were determined based on morphological changes and the expression of differentiation marker genes.
2.2. Reagents
Entinostat (MS-275) was purchased from MedChemExpress (Monmouth Junction, NJ, United States). Other chemicals, including bovine serum albumin (BSA; 2207008), PA (P5585), and insuli n (I9278) were purchased from Sigma-Aldrich (Burlington, MA, United States). 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-amino)-2-deoxyglucose (2-NBDG; N13195), 4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene (BODIPY™ 493/503; D3922), and MitoSOX Red mitochondrial superoxide indicator (M36008) were obtained from Thermo Fisher Scientific (Waltham, MA, United States). Anti-histone deacetylase 1 (HDAC1) (34589), anti-HDAC2 (57156), anti-HDAC3 (85057), anti-phospho-AKT (9271), anti-AKT (9272), anti-phospho-GSK3 α/β (9331), anti-GSK3β (9315), anti-phospho-JNK (9251), anti-JNK (9252), anti-phospho-NF-kB (3033), and anti-NF-kB (3034) antibodies were obtained from Cell Signaling Technology (Beverly, MA, United States). Anti-β-actin (A300-491A) antibody was purchased from Bethyl Laboratories (Montgomery, TX, United States). Anti-α-tubulin (sc-5286) antibody was purchased from Santa Cruz biotechnology (Dallas, TX, United States).
2.3. Preparation of PA
Prior to use, 0.01 M NaOH was added to a 20 mM PA solution and incubated at 70°C for 30 min. The resulting fatty acid soap was mixed with 5% BSA in phosphate-buffered saline at a 1:3 volume ratio. BSA/PA conjugates consisting of 3.75% BSA and 5 mM PA were then used to treat differentiated C2C12 cells at the indicated concentrations.
2.4. Uptake of 2-NBDG
C2C12 myotubes were pretreated with or without 300 or 400 μM PA for 16 h and starved for 4 h. Cells were then incubated in Krebs-Ringer bicarbonate buffer (pH 7.4) containing 2% BSA at 37°C for 30 min, and then treated with 500 μM 2-NBDG with or without 100 nM insulin at 37°C for 2 h. Collected cells were lyzed with lysis buffer and centrifuged at 12,000 rpm for 30 min. The fluorescence intensity of 2-NBDG in the separated supernatant was measured (excitation: 475 nM; emission: 550 nM) using a SpectraMax iD3 microplate reader (Molecular Devices, Sunnyvale, CA, United States).
2.5. Western Blot Analysis
C2C12 myotubes and mouse gastrocnemius muscles were lyzed with RIPA buffer [150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate (SDS), and 50 mM Tris-Hcl (pH7.5)] supplemented with a protease inhibitor cocktail. Equal concentrations of proteins were diluted in SDS sample buffer (50 mM Tris-Cl at pH 6.8, 2% SDS, 100 mM DL-dithiothreitol (DTT), 10% glycerol), separated on 8–12% polyacrylamide, and transferred to a poly (vinylidene fluoride) (PVDF) membrane sheet. After blocking the membrane in 5% skim milk for 30 min, the target antigen was reacted with the primary antibody at RT for 2 h. The membrane was then incubated with the secondary antibody (horseradish peroxidase-conjugated anti-mouse IgG or anti-rabbit IgG antibodies) at RT for 1 h, after which an immunoreactive band was detected using an enhanced chemiluminescence system (Pierce ECL Western Blotting Substrate; Thermo, Rockford, IL, United States). Band intensity was measured using Quantity One 1D image analysis software (Bio-Rad, Hercules, CA, United States).
2.6. Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)
Total RNA from cells and mouse gastrocnemius muscles was extracted with RNAiso Plus reagent (Takara Bio, Shiga, Japan). cDNA was synthesized using the AMV reverse transcriptase and random 9-mers supplied with the TaKaRa RNA PCR Kit (version 3.0; TaKaRa Bio, Shiga, Japan). The primer sets for PCR amplification are listed in Supplementary Table S1. Quantitative real-time PCR was performed with SYBR Green (TaKaRa Bio) using a TaKaRa TP-815 instrument. Relative quantities of amplified DNA were analyzed using the software bundled with the TP-815 instrument and normalized to mouse 36B4 mRNA levels.
2.7. Oxygen Consumption Rate (OCR)
C2C12 myotubes were plated onto XF24 cell culture microplates and differentiated for 3 days in differentiation medium, after which the C2C12 myotubes were either treated or not treated with drugs, depending on the experimental condition. Following treatment, the C2C12 myotubes were pre-washed with Krebs-Ringer bicarbonate (KRB) buffer and equilibrated with XF assay medium supplemented with 2.5 mM glucose/50 mM carnitine/0.2 mM PA (for PA OCR) at 37°C in a CO2-free incubator for 1 h. The OCR of PA as a carbon substrate was measured using a XF24 extracellular analyzer (Seahorse Bioscience, North Billerica, MA, United States).
2.8. Transfection of Small Interfering RNA (siRNA)
Small interfering RNA duplexes were designed and synthesized by Bioneer Corporation (Daejeon, Korea). The sequences were as follows: green fluorescent protein (GFP) (GenBank: GU983383), sense-GUU CAG CGU GUC CGG CGA, antisense- CUC GGC GGA CAC GCU GAA C; mouse HDAC1 (GenBank: NM_008228.2), sense-GAG GUU GAU AGC CUA GCU U, antisense-AAG CUA GGC UAU CAA CCU C; mouse HDAC2 (GenBank:NM_008229.2), sense-UCA GAC AAA CGG AUA GCU U, antisense-AAG CUA UCC GUU UGU CUG A; mouse histone deacetylase 3 (HDAC3) (GenBank:NM_010411.2), sense-CAC AGA GAC UGU UAG AGA U, antisense-AUC UCU AAC AGU CUC UGU G. C2C12 cells were transfected with siRNA duplex using a Neon™ electro-transfection system (Invitrogen, Carlsbad, CA, United States). siRNA duplexes were suspended in R buffer supplied in the Neon™ electro-transfection system and transfected into C2C12 myoblasts under a pulse voltage of 1,005 V, with a pulse width of 35 ms and pulse number of 2. Transfected C2C12 myoblasts were then seeded into growth plates and incubated for 16 h, and then differentiated in differentiation medium for 3 days followed by treatment with 300 or 400 μM PA (or no treatment) for 12 h.
2.9. Animal Studies
All animal experiments were approved by the Animal Ethics Committee of Ajou University (Permission number: 2018–0030). Six-week-old male C57BL/6J mice were purchased from GEM Pharmatechnology (Nanjing, China). The mice were housed in a temperature-controlled room at 22 ± 2°C with a light/dark cycle of 12 h and fed ad libitum. After 2 weeks of adaptation, 8-week-old mice were randomly divided into three groups: 1) DMSO-injected control diet group (CD/DMSO) (n = 5); 2) DMSO-injected high fat (HF)/high fructose (HFr) diet group (HF/HFr/DMSO) (n = 5); and 3) MS-275-injected HF/HFr diet group (HF/HFr/MS-275) (n = 5). The CD mice were fed normal chow diet containing 10% fat (D12450B; Research Diets Inc., New Brunswick, NJ, United States) and water. HF/HFr mice were fed a diet containing 60% fat (D12492; Research Diets Inc.) and drinking water including 30% fructose. Mice were injected intraperitoneally every other day with DMSO or 10 mg/kg MS-275 for 11 weeks. Insulin tolerance test (ITT) and glucose tolerance test (GTT) were performed during week 10 of the diet. Mice were fasted for 6 h and insulin (0.7 U/kg) or glucose (1 g/kg) was injected intraperitoneally. Blood was collected from the tail at the indicated time points (0, 15, 30, 60, and 90 min), with glucose levels measured using an Accu-Chek device (Roche Diagnostics, Mannheim, Germany).
2.10. Intracellular Triglyceride Staining
Intracellular triglyceride (TG) levels were determined by measuring relative fluorescence intensity in cells after treatment with BODIPY. Briefly, C2C12 myotubes were pretreated with MS-275 for 16 h in a dose-dependent manner. Cells were then treated with 500 uM PA for 3 h, washed with PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4), and incubated in 100 μL of 2.0 μM BODIPY at 37°C for 30 min. Fluorescence intensity was measured at 430 and 510 nm (exciting and emitting wavelengths, respectively) using a SpectraMax iD3 microplate reader (Molecular Devices).
2.11. Mitochondrial Superoxide Staining
After treatment with MitoSOX Red, mitochondrial superoxide levels were determined by measuring relative the fluorescence intensity in C2C12 myotubes. Mitochondrial superoxide in C2C12 myotubes was measured using the same protocol as for intracellular TG. Fluorescence intensity was measured by fluorescence spectrophotometry at 510 and 580 nm (exciting and emitting wavelengths, respectively).
2.12. Insulin Measurement
Plasma insulin levels were measured using the Shibayagi Mouse Insulin ELISA kit (Cunma, Japan). Briefly, blood obtained from the mouse tail vein was immediately centrifuged at 3,000 × g for 10 min at 37°C. The supernatant plasma was collected and stored at -80°C. A biotinylated-anti-insulin antibody solution (100 μL) was added to each well of a 96-well plate coated with an anti-insulin antibody and mixed with 10 μL of plasma. After 2 h incubation at room temperature, the solution containing the insulin/biotinylated-anti-insulin antibody complex was removed. Biotinylated-anti-insulin antibody bound to insulin coated onto the plate was incubated with 100 μL of horse radish peroxidase (HRP)-streptavidin solution (one of the kit components) for 30 min at room temperature. After removal of unbound HRP-streptavidin, the HRP-streptavidin bound to the plate was reacted with 3, 3’, 5, 5’–tetramethylbenzidine (TMB) in 100 μL of the chromogen solution. After the reaction was stopped with 100 μL 1 M sulfuric acid, absorbance at 450 nm was measured using a microplate reader (Bio-Rad, Hercules, CA, United States). The plasma insulin levels were calculated using an insulin standard curve. The homeostasis model for insulin resistance (HOMA-IR) was calculated as the fasting blood glucose level (mg/dl) × the fasting plasma insulin level (µU/ml) divided by 405.
2.13. Statistical Analysis
All experiments were repeated at least three times. All data are expressed as the mean ± SE and were analyzed using GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, CA, United States). One-way analysis of variance (ANOVA) with the Bonferroni post hoc test was used. p values < 0.05 were considered statistically significant.
3. RESULTS
3.1. PA Induces Mitochondrial Dysfunction and Lipotoxicity in C2C12 Myotubes
An increasing body of evidence suggests an association between mitochondrial dysfunction and lipotoxicity, which is implicated in insulin resistance and inflammation. To detect mitochondrial failure in PA-treated C2C12 myotubes, we measured PA oxidation using the Seahorse Extracellular Flux (XF) Analyzer (Agilent, Santa Clara, CA, United States). Mitochondrial OCR was reduced in PA-treated C2C12 myotubes compared to BSA-treated myotubes (Figure 1A).
[image: Figure 1]FIGURE 1 | PA induces mitochondrial dysfunction and lipotoxicity. (A) Differentiated C2C12 myotubes were treated with or without 400 μM PA for 12 h. The OCR of PA was measured using the Seahorse XF Analyzer (Agilent). *p < 0.05; **p < 0.01 vs. PA-untreated cells. (B) C2C12 myotubes were treated with 400 μM PA for 12 h, and then stimulated with insulin at 100 nM for 3 h. 2-NBDG uptake was measured using a SpectraMax iD3 microplate reader (excitation: 475 nM; emission: 550 nM). **p < 0.01 vs. 2-NBDG uptake after insulin treatment. (C) After treatment with 300 or 400 μM PA, insulin resistance in C2C12 myotubes was determined by measuring p-AKT and p-GSK3β by Western blot. **p < 0.01; ***p < 0.001 vs. insulin-stimulated and PA-untreated cells. (D) C2C12 myotubes were incubated with 300 or 400 μM PA for 12 h, after which inflammatory cytokine gene expression was measured by real-time PCR. *p < 0.05; ***p < 0.001 vs. PA-untreated cells. (E) The expression levels of the inflammatory protein markers p-JNK and p-NF-kB were measured by Western blot. **p < 0.01; ***p < 0.001 vs. PA-untreated cells.
Next, we confirmed lipotoxicity induction in C2C12 myotubes following treatment with PA. The addition of 300 or 400 μM PA for 12 h was shown to induce insulin resistance and impair insulin-stimulated glucose uptake. 2-NBDG uptake increased in response to insulin stimulation compared to the unstimulated myotubes, while 2-NBDG uptake in PA-treated myotubes remained unchanged (Figure 1B). Levels of various insulin signaling molecules, including phospho-protein kinase B (p-AKT) and phospho-glycogen synthase kinase three ß (p-GSK3β) were reduced by PA treatment in a dose-dependent manner (Figure 1C). The expression levels of inflammatory cytokines, such as TNF-α, interleukin (IL)-1β, and IL-6 were increased by PA treatment (Figure 1D). Furthermore, PA increased the expression of stress and inflammatory markers, such as p-JNK and p-NF-κB, in C2C12 myotubes (Figure 1E). Together, these results suggested that PA induced mitochondrial dysfunction and lipotoxicity in C2C12 myotubes, leading to significant increases in insulin resistance and inflammation.
3.2. MS-275 Attenuated PA-Induced Insulin Resistance and Inflammation
To explore whether inhibition of class I HDACs via treatment with MS-275 could protect against lipotoxicity, such as that seen in PA-treated C2C12 myotubes, we added PA with or without MS-275. MS-275 treatment significantly restored the expression of insulin signaling markers, including p-AKT and p-GSK3β, which were reduced by PA (Figure 2A). The expression levels of inflammatory cytokine genes, such as TNF-α, IL-1β, and IL-6, were also increased by PA treatment but this was attenuated by MS-275 treatment (Figure 2B). MS-275 treatment of C2C12 myotubes was also shown to reduce levels of inflammatory markers, such as p-JNK and p-NF-κB, which were increased by PA (Figure 2C). Together, these data demonstrated that MS-275 had a protective effect against lipotoxicity, preventing PA-induced insulin resistance and inflammation in C2C12 myotubes.
[image: Figure 2]FIGURE 2 | MS-275 restored PA-induced insulin resistance and inflammation in C2C12 myotubes. (A) C2C12 myotubes were treated with 2.5 μM MS-275 in the presence of 300 μM PA for 12 h, and then stimulated with 100 nM insulin for 20 min. Cells were then harvested and analyzed by Western blot. The levels of insulin signaling-related proteins (p-AKT and p-GSK3β) were detected by Western blot; **p < 0.01; ***p < 0.001 vs. insulin-stimulated and PA-untreated cells, ††p < 0.01; †††p < 0.001 vs. insulin-stimulated and PA-treated cells. (B) After treatment with 300 μM PA with or without 2.5 μM MS-275 for 12 h, the expression of inflammatory genes (TNF-α, IL-1β, and IL-6) was quantified by real-time PCR. *p < 0.05; **p < 0.01 vs. PA-untreated cells, †p < 0.05; ††p < 0.01 vs. PA-treated cells. (C) C2C12 myotubes were treated with the indicated dosage of MS-275 in the presence of 300 μM PA for 12 h. The levels of stress/inflammation-related proteins were analyzed by Western blot using antibodies against p-JNK and p-NF-κB. *p < 0.05 vs. PA-treated cells.
3.3. HDAC3 Protein Levels, but Not Those of HDAC1 or HDAC2, Were Significantly Increased in PA-Treated C2C12 Myotubes
To detect changes in the levels of class I HDAC family members, C2C12 myotubes were treated with PA, followed by assessment of HDAC1, HDAC2, and HDAC3 protein levels via immunoblotting. HDAC3 protein expression was significantly increased in PA-treated myotubes compared to untreated myotubes, but HDAC1 and HDAC2 protein levels did not increase (Figure 3). The increase in HDAC3 protein expression may play a role in the PA-induced lipotoxicity evident in C2C12 myotubes.
[image: Figure 3]FIGURE 3 | Treatment of PA increased the class I HDACs protein level in C2C12 myotubes. C2C12 myotubes were incubated with 300 or 400 μM PA for 12 h and class1 HDAC protein levels were detected by Western blot. ***p < 0.001 vs. PA-untreated cells.
3.4. Inhibition of HDAC3 Prevented PA-Induced Insulin Resistance and Inflammation
Figure 2 showed that MS-275 exhibited strong protective effects against PA-induced lipotoxicity, including insulin resistance and inflammation. Since MS-275 inhibits HDAC1, HDAC2, and HDAC3, we aimed to determine which HDAC was involved in this protective effect. To identify the main effector protein, C2C12 myotubes were transfected with HDAC1, HDAC2, or HDAC3 small interfering RNAs (siRNAs), and cytokine expression and inflammatory signaling were assessed. Class I HDAC knockdown was confirmed by real-time PCR and immunoblotting. The expression levels of HDAC1, HDAC2, and HDAC3 were significantly reduced (Figure 4A). The PA-induced increases in the expression levels of TNF-α, IL-1β, and IL-6 were significantly reduced on transfection of HDAC3 siRNA. HDAC1 knockdown slightly reduced only the TNF-α level, and HDAC2 knockdown only that of IL6 (Figure 4B). Similarly, the level of the inflammatory marker p-JNK was attenuated by HDAC3 siRNA only (Figure 4C). Next, we investigated the role of insulin signaling, with or without insulin treatment, via Western blot. After insulin stimulation, the levels of p-AKT and p-GSK3β were significantly increased in HDAC3 knockdown myotubes compared to siGFP-transfected C2C12 myotubes. Moreover, this reduction in insulin signaling following PA treatment was restored in HDAC3 knockdown myotubes (Supplementary Figure S1). Together, the data suggest that HDAC3 inhibition of MS-275 protected against PA-induced lipotoxicity.
[image: Figure 4]FIGURE 4 | HDAC3 knockdown improved PA-induced inflammation. (A) C2C12 myotubes were transfected with HDAC1, HDAC2, HDAC3, or GFP (control) siRNAs. After incubation in differentiation media for 48 h, knockdown of HDAC1, HDAC2 or HDAC3 was determined by real-time PCR and Western blot. ***p < 0.001 vs. GFP-transfected cells. Transfected C2C12 myotubes were treated with 300 μM PA for 12 h. The induction of inflammatory genes (TNF-α, IL-1β, and IL-6) was determined by real-time PCR (B) and stress/inflammatory signal activation was determined by measuring the levels of p-JNK by Western blot (C). ***p < 0.001 vs. GFP-transfected cells, ††p < 0.01; †††p < 0.001 vs. GFP-transfected and PA-treated cells.
3.5. MS-275 Reduced Intracellular TG via Induction of Mitochondrial Fatty Acid Oxidation
To investigate the mechanisms underlying the protective effect of MS-275 on PA-induced insulin resistance and inflammation, PA-induced fat accumulation was investigated via staining of intracellular TGs using BODIPY dyes. Treatment with MS-275 was shown to reduce PA-induced TG accumulation in a dose-dependent manner (Figure 5A). After adding PA as a carbon substrate in C2C12 myotubes, fatty acid oxidation was measured as a function of OCR using the XF Analyzer. Pretreatment of MS-275 for 16 h increased OCR in C2C12 myotubes compared to untreated controls (Figure 5B). Next, we investigated gene expression in relation to fatty acid oxidation and lipid synthesis. Treatment of PA decreased the expression levels of fatty acid oxidation-related genes, such as proliferator-activated receptor alpha (PPARα) and medium-chain acyl-coenzyme A dehydrogenase (MCAD). In contrast, MS-275 treatment significantly rescued the expression of fatty acid oxidation-related genes and stearoyl-CoA desaturase 1 (SCD1). Sterol regulatory element-binding protein 1 (SREBP1) and diglyceride acyltransferase (DGAT) were significantly reduced following PA treatment, but were unchanged by MS-275 (Figure 5C). Furthermore, MS-275 treatment in C2C12 without PA was found to increase the expression of PPARα, MCAD, and EHHADH (Figure 5D). In addition, MS-275 increased the expression of PGC1α and mitochondrial transcription factor A (TFAM) genes. PGC1α and TFAM are used as markers of transcriptional coactivation in the context of mitochondrial metabolism and biogenesis (Figure 5E). In addition, MS-275 decreased PA-stimulated MitoSOX Red staining, which is used as a marker of mitochondrial reactive oxygen species (ROS) generation (Figure 5F). To investigate the mechanisms underlying the protective effect of HDAC3 knockdown on PA-induced insulin resistance and inflammation, we performed an experiment similar to that described above. PA treatment decreased PPARα, MCAD, SREBP1, DGAT, and SCD1 levels. As was also true of MS-275, HDAC3 knockdown significantly rescued the PA-induced decreases in PPARα, MCAD, EHHADH, and SCD1 gene expression (Figure 5G). In addition, HDAC3 knockdown in C2C12 cells (in the absence of PA) increased the expression of PPARα, EHHADH, PGC1α, and TFAM (Figures 5H,I). Furthermore, PA-stimulated mitochondrial ROS generation reduced on transfection of HDAC3 siRNA compared to transfection of green fluorescent protein (GFP) siRNA (Figure 5J). Song et al. published similar results (Song et al., 2019). Together, the data suggest that MS-275 treatment and HDAC3 knockdown increased the expression of fat oxidation-related genes, reduced mitochondrial ROS production, and restored mitochondrial function. Thus, MS-275 and HDAC3 knockdown promoted fatty acid oxidation by improving mitochondrial metabolism and biogenesis.
[image: Figure 5]FIGURE 5 | Inhibition of HDAC3 by MS-275 or siRNA increased mitochondrial fatty acid oxidation and related gene expression. (A) C2C12 myotubes were pretreated with various concentrations of MS-275 for 16 h and then treated with 300 μM PA for 6 h. The intracellular TG content was determined by measuring the fluorescence of BODIPY. **p < 0.01 vs. PA-untreated cells, †p < 0.05; ††p < 0.01 vs. PA-treated cells. (B) The OCR of PA when used as the sole carbon substrate was measured using the Seahorse XF Analyzer (Agilent). *p < 0.05 vs. MS-275-untreated cells, †p < 0.05 vs. PA-untreated cells. (C) C2C12 myotubes were treated with or without 2.5 μM MS-275 in the presence of 300 μM PA for 12 h. The expression of fatty acid metabolism-related genes was determined by real-time PCR. ***p < 0.001 vs. PA-untreated cells, ††p < 0.01 vs. PA-treated cells. (D) After treatment of 2.5 µM MS-275 for 16 h, the expression of fatty acid oxidation-related genes was measured by real-time PCR. **p < 0.01; ***p < 0.00 vs. MS-275-untreated cells. (E) C2C12 myotubes were treated with 2.5 µM MS-275 for 16 h, and mitochondrial metabolism/biogenesis related gene expression was then measured using real-time PCR. *p < 0.05; **p < 0.01; ***p < 0.00 vs. MS-275-untreated cells. (F) C2C12 myotubes were pretreated with 2.5 µM MS-275 for 16 h and then treated with 300 μM PA for 4 h. Mitochondrial superoxide was determined by measuring the fluorescence of MitoSOX Red. **p < 0.01 vs. PA-untreated cells, †p < 0.05; ††p < 0.01 vs. PA-treated cells. (G) C2C12 myotubes were transfected with HDAC3 siRNA and then 300 μM PA was treated for 12 h. The expression of fatty acid metabolism-related genes was determined by real-time PCR. ***p < 0.001 vs. PA-untreated cells, ††p < 0.01 vs. PA-treated cells. (H and I) After transfection with HDAC3 siRNA, C2C12 myotubes were differentiated for 3 days, and then the expression of fatty acid oxidation-related genes or mitochondrial metabolism/biogenesis related genes, respectively were measured by real-time PCR. **p < 0.01; ***p < 0.00 vs. GFP-transfected cells. (J) After transfection with HDAC3 siRNA, C2C12 myotubes were differentiated for 3 days, and then treated with 300 μM PA for 4 h. Mitochondrial superoxide was determined by measuring the fluorescence of MitoSOX Red. **p < 0.01 vs. PA-untreated cells and GFP-transfected cells, †p < 0.05; ††p < 0.01 vs. PA-treated cells and GFP-transfected cells.
3.6. MS-275 ameliorated HF/HFr-Induced Insulin Resistance and Inflammation in Skeletal Muscle
Increased HF intake and HFr consumption have previously been shown to contribute to insulin resistance in mice (Han et al., 2016). As MS-275 was found to confer a strong protective effect against PA-induced lipotoxicity in C2C12 myotubes, we further investigated the protective effect of MS-275 in the muscle of HF/HFr diet mice. C57BL/6J mice were randomly divided into three groups: a standard CD group, an HF/HFr diet group, and an HF/HFr group treated with MS-275 (HF/HFr/MS-275). All HF/HFr mice were fed a diet consisting of 60% fat along with 30% fructose water (HF/HFr) for 11 weeks. Each group was intraperitoneally administered either dimethyl sulfoxide (DMSO) or MS-275 (10 mg/kg) every other day for 11 weeks (Supplementary Figure S2). As shown in Figure 6A, the intraperitoneal glucose tolerance test (IPGTT) was performed during week 10 of the dietary regime. The blood glucose level at this time, and the area under the curve (AUC) value of mice on the HF/HFr diet, were increased compared to those of mice on the control diet. However, MS-275-treated mice exhibited significant reductions in these parameters (Figure 6A). The intraperitoneal insulin tolerance test (IPITT) was also performed during week 10 of the dietary regime. The blood glucose level at this, time and the AUC in MS-275-treated mice, were significantly lower compared to those of mice on the HF/HFr diet. The basal glucose levels at this time are shown in Figure 6B right panel. The fasting glucose and insulin levels increased in HF/HFr-diet mice, as did the HOMA-IR. However, MS-275-treated mice exhibited significantly lower fasting glucose and insulin levels, and a lower HOMA-IR, compared to HF/HFr-diet mice (Figure 6B). The TNF-α expression level was reduced in the MS-275-treated gastrocnemius and soleus muscles of HF/HFr-diet mice (Figure 6C). The phospho-AKT and phospho-GSK-3α/β levels in mice on the HF/HFr diet decreased compared to those of insulin-stimulated CD mice. However, the p-AKT and p-GSK-3α/β levels of the gastrocnemius and soleus muscles of HF/HFr/MS-275-diet mice were increased compared to those of insulin-stimulated mice on the HF/HFr diet (Figure 6D). In addition, levels of markers such as p-JNK and p-NF-κB were decreased by MS-275 treatment (Figure 6E). These data suggested that treatment of HF/HFr-diet mice with MS-275 significantly attenuated hyperglycemia, insulin resistance, and inflammation in skeletal muscle both in vivo and in vitro.
[image: Figure 6]FIGURE 6 | MS-275 ameliorated HF/HFr-induced insulin resistance and inflammation in skeletal muscle from C57BL/6J mice. (A) To assess blood glucose levels, mice were fasted for 6 h and then intraperitoneally injected with glucose (1 g/kg). Blood glucose levels were measured at the indicated times using an Accu-Chek glucometer (Roche Diagnostics). The area under the curve (AUC) was obtained from an intraperitoneal glucose tolerance test (IPGTT). **p < 0.01; ***p < 0.001 vs. CD mice, †p < 0.05; ††p < 0.005; †††p < 0.001 vs. HF/HFr mice. (B) Mice were fasted for 6 h and then intraperitoneally injected with insulin (0.7 U/kg) and then Blood glucose level were analyzed by ACCU-CHEK during IPITT. AUC was obtained from an intraperitoneal insulin tolerance test (IPITT). *p < 0.05; **p < 0.01; ***p < 0.001 vs. CD mice, †p < 0.05; †††p < 0.001 vs. HF/HFr mice. Percent of basal glucose level and the inverse integrated area under the glucose curve during IPITT. *p < 0.05; **p < 0.01 vs. CD mice, †p < 0.05 vs. HF/HFr mice. To assess fasting glucose and insulin levels, after serum sample collection, plasma insulin concentration was analyzed by ELISA described in Methods. HOMA-IR was calculated as described in Methods. **p < 0.01; ***p < 0.001 vs. CD mice, ††p < 0.01; †††p < 0.001 vs. HF/HFr mice. (C) The relative expression of TNFα gene related to inflammation in gastrocnemius muscle or soleus muscle, respectively was determined by real-time PCR. ***p < 0.001 vs. CD mice, †††p < 0.001 vs. HF/HFr mice. (D) Levels of insulin signaling molecules after insulin stimulation in gastrocnemius muscle or soleus muscle, respectively were analyzed by Western blot using anti-p-AKT and anti-p-GSK3β antibodies. **p < 0.01; ***p < 0.001 vs. insulin-stimulated CD mice, ††p < 0.01; †††p < 0.001 vs. insulin-stimulated HF/HFr mice. (E) The levels of stress/inflammation signaling molecules in gastrocnemius muscle or soleus muscle, respectively were analyzed by Western blot using anti-p-JNK and anti-p-NF-κB antibodies. **p < 0.01; ***p < 0.001 vs. CD mice, †p < 0.05; †††p < 0.001 vs. HF/HFr mice.
4. DISCUSSION
Obesity and systemic lipid overflow are strongly associated with insulin resistance (Samuel and Shulman, 2016). Skeletal muscle, which is the main target site of insulin, plays an important role in the development of insulin resistance (Samuel and Shulman, 2016). Impaired fatty acid oxidation and increased fatty acid content in skeletal muscle results in an accumulation of intracellular fat in skeletal muscle and chronic low-grade inflammation (van der Kolk et al., 2016; Meex et al., 2019). This accumulation of excess fat in skeletal muscle leads to mitochondrial dysfunction and inflammation, which is associated with insulin resistance (Hoeks and Schrauwen, 2012; Meex et al., 2019). Previous studies showed that TSA and sodium butyrate, which function as pan-HDAC inhibitors, improved insulin signaling in mouse skeletal muscle (Sun and Zhou, 2008; Chriett et al., 2019). Here, we assess the effects of MS-275, a class I-specific HDAC inhibitor, on insulin resistance and inflammatory signaling in skeletal muscle. The data presented here provide strong evidence that MS-275 prevented PA-induced insulin resistance and reduced the expression of inflammatory cytokines in differentiated C2C12, by increasing mitochondrial oxidation and lipid oxidation-related gene expression. Over time, MS-275 was shown to reduce PA-induced accumulation of cellular TGs, attenuated mitochondrial ROS, and restored mitochondrial biogenesis. PA treatment of C2C12 myotubes significantly increased HDAC3 protein levels, but not those of HDAC1 or HDAC2. Knockdown of HDAC3 exhibited similar beneficial effects. In addition, MS-275 treatment of HF/HFr-fed mice ameliorated insulin resistance, stress-related signaling, and TNF-α expression in skeletal muscle. The data presented here suggest that treatment with MS-275 may help restore lipotoxicity-induced insulin resistance and inflammation in skeletal muscle via the inhibition of HDAC3, rather than HDAC1/2.
While the beneficial metabolic effects of MS-275 have been demonstrated in several animal models (Galmozzi et al., 2013; Ferrari et al., 2017), the effects of MS-275 appear to differ depending on the animal model and experimental design. Galmozzi et al. suggested that HDAC inhibitors enhanced energy metabolism in skeletal muscle and adipose tissue, resulting in reduced body weight in db/db mice. Ferrari reported MS-275 improved glucose tolerance by acting on adipose tissue, but not liver or muscle. They found no improvement in insulin-tolerance in DIO mice. Here, we injected MS-275 intraperitoneally in HF/HFr diet mice every other day for 11 weeks, and found that treatment with MS-275 reduced body weight and improved both glucose tolerance and insulin sensitivity. Moreover, MS-275 restored the levels of major insulin signals such as p-AKT and p-GSK. Possible explanations for these differences include differences in diet (HF vs. HF/HFr diet), and in the initiation, timing, and duration of MS-275 treatment (every other day for 22 days after induction of obesity in Ferrari study vs. every other day for 11 weeks before induction of obesity in this study). Based on this experiment, MS-275 may be expected to have a better metabolic and preventive effect when administered to high-risk groups before obesity induction.
Histological experiments showed that fatty liver was dramatically improved in MS-275-treated mice compared to HF/HFr-diet mice (data not shown). Although we focused on the effects of MS-275 on skeletal muscle, improvement of glucose tolerance and insulin tolerance by MS-275 in vivo suggests a diverse activity profile, with improvements in disease-related conditions in skeletal muscle as well as liver.
A recent study reported transcriptional effects of butyrate, a pan-HDAC inhibitor, on PA-induced insulin resistance in L6 rat muscle cells (Chriett et al., 2019). In this study, we also used PA to induce insulin resistance and found that MS-275 was able to protect against lipotoxicity in C2C12 myotubes. Increased concentrations of free fatty acids in plasma suggests a metabolic link between obesity and insulin resistance (Boden et al., 1994). PA, as a saturated fatty acid, is one of the most abundant fatty acids in the blood and is produced via result of lipolysis or lipogenesis (Nolan and Prentki, 2008). PA treatment is thought to mimic the lipotoxicity associated with obesity. In our study, PA induced the expression of various markers of stress and inflammation. Treatment with MS-275 reduced mitochondrial reactive oxygen species (ROS) generation and the activation of JNK and NK-κB by PA in C2C12 myotubes. These results suggest that MS-275 prevented PA-induced insulin resistance via regulation of the mitochondrial ROS/JNK axis. The effect of MS-275 on PA-induced lipotoxicity is consistent with that seen in beta cells, and is mediated by reduced Atf3 and CHOP expression (Plaisance et al., 2014).
We found that MS-275 exerted anti-inflammatory effects on skeletal muscles, associated with suppression of NF-κB and JNK activity. The effects of HDAC inhibitors, including MS-275, on the NF-κB and MAP signaling pathways are complex and may vary among cell types (Leus et al., 2017; Dai et al., 2005). HDAC inhibitors affected these signaling pathways in immune cells such as macrophages, but not in synovial or gingival fibroblasts (Lagosz et al., 2019; Grabiec et al., 2011; Dai et al., 2005). Previous studies reported the effects of HDAC inhibitors on NF-κB or MAP signaling in the context of insulin resistance and skeletal muscle atrophy (Chriett et al., 2017; To et al., 2017). HDAC inhibitors, such as MS-275, are thought to affect NF-kb and JNK signaling in skeletal muscle as in macrophages.
MS-275, as a class 1-specific HDAC inhibitor, has been shown to primarily inhibit HDACs 1, 2 and 3 (Ye, 2013). In our study, the effect of MS-275 on PA-induced lipotoxicity in C2C12 myotubes appears to be mediated by inhibition of HDAC3 rather than HDAC1 or HDAC2, as evidenced by the enhancement of only the HDAC3 protein level by PA, the restoration of insulin-signaling, reduction in inflammatory cytokine production, and recovery of the expression of fatty acid oxidation-related genes in HDAC3 knockdown myotubes. These results are broadly consistent with previous studies (Galmozzi et al., 2013). One study reported that a 70% reduction in HDAC3 expression is sufficient to mimic the effect of class I HDAC inhibitors on PGC1α, glucose transporter 4, TFAM, and isocitrate dehydrogenase 3α (IDH3α) expression, while silencing of HDAC1 had no effect on the expression of these genes in C2C12 (Galmozzi et al., 2013). MS-275 treatment was also shown to enhance mitochondrial activation and oxidative metabolism in skeletal muscle and adipose tissue, and improved obesity and diabetes in db/db mice (Galmozzi et al., 2013). Depletion of HDAC3 in knockout mice models restored normal metabolic activity, as reflected in improved systemic insulin sensitivity in Hdac3-/Osx1+, enhancement of oxidative metabolism in skeletal muscle-specific HDAC3-depleted mice, and prevention of DIO in intestinal epithelial cells (Hong et al., 2017; McGee-Lawrence et al., 2018; Whitt et al., 2018). In addition, patients with type 2 diabetes showed higher HDAC3 expression in peripheral blood mononuclear cells, along with simultaneous activation of pro-inflammatory markers and insulin resistance (Sathishkumar et al., 2016).
In conclusion, our study showed that MS-275 treatment of PA-induced C2C12 myotubes prevented insulin resistance and attenuated inflammatory signaling and cytokine production by restoring mitochondrial biogenesis and lipid oxidation. These effects were shown to be mediated by the inhibition of HDAC3 rather than HDAC1 and HDAC2. Similar results were seen in vivo, with MS-275 treatment of HF/HFr-fed mice ameliorating insulin resistance and reducing the expression of stress markers and TNF-α in skeletal muscle. Our study showed that HDAC inhibition is a promising therapeutic target for various metabolic diseases related to insulin resistance.
CONTRIBUTION TO THE FIELD STATEMENT
Recently, epigenetic dysregulation has been proposed as a key contributor to the development of obesity and diabetes, with regulation of these events being a potential treatment target for these conditions. Previous studies have demonstrated the efficacy of histone deacetylase (HDAC) inhibitors for the treatment of various metabolic diseases, such as obesity, type 1 and type 2 diabetes mellitus, non-alcoholic fatty liver disease, and even chronic kidney disease. However, the effects of HDAC3 inhibition on free fatty acid-induced insulin resistance and inflammation in the C2C12 myotubes and skeletal muscle of high fat (HF)/high fructose (HFr) diet mice is not known. We found that MS-275 treatment of differentiated C2C12 myotubes improved PA-induced insulin resistance and decreased stress signals and inflammatory cytokine expression via the inhibition of JNK and NK-κB. Enhanced fatty acid oxidation and mitochondrial function were also observed following attenuation of lipotoxicity by MS-275. Similar beneficial effects were also seen following HDAC3 knockdown. In addition, in vivo treatment of HF/HFr-fed mice with MS-275 ameliorated insulin resistance, stress signals, and tumor necrosis factor-α expression in gastrocnemius muscle. Together, these results showed that MS-275 induced HDAC3 inhibition in skeletal muscle and may represent a promising candidate treatment for obesity and diabetes-related insulin resistance.
DATA AVAILABILITY STATEMENT
All data analyzed in this work will be made available by corresponding authors at the request of qualified researchers.
ETHICS STATEMENT
All experiments were performed in accordance with the Ajou University Safety and Ethics guidelines. In particular, animal experiments were carried out according to the animal experiment procedure approved by the Animal Ethics Committee of Ajou University.
AUTHOR CONTRIBUTIONS
SJL, SEC, JYJ, and KWL contributed to the conception and design of the study. HBL, MWS, YK, HJK, THK, and JYJ were involved in data acquisition. YK, JYJ, and KWL contributed to data interpretation. All authors approved the paper for submission.
FUNDING
This work was supported by Grant Nos NRF-2019R1A2C1003489 and NRF-2016R1D1A1B03930214 to KW Lee, NRF-2020M3A9E8024904 and NRF-2020R1I1A1A01075337 to JY Jeon from the National Research Foundation of Korea.
GLOSSARY
HDAC3: Histone deacetylase 3 , HDAC2: Histone deacetylase 2 , HDAC1: Histone deacetylase 1 , PA: Palmitate , TG: triglyceride , ER: Endoplasmic reticulum , p-JNK: Phospho-C-JUN-N-terminal kinase , P-NK-κB: Phospho-nuclear factor-kappaB , DIO: Diet induced obesity , CHOP: C/EBP homologous protein , TFAM: mitochondrial transcription factor A , HF: High fat , HFr: High fructose , 2-NBDG: 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucos , TNF-α: Tumor necrosis factor-α , IL-1β: Interleukin-1β , IL-6: Interleukin-6 , OCR: oxygen consumption rate , PGC1α: peroxisome proliferator activator receptor γ-coactivator 1α , PPARα: peroxisome proliferator-activated receptor alpha , MCAD: Medium-chain acyl-coenzyme A dehydrogenase , EHHADH: Enoyl-CoA Hydratase And 3-Hydroxyacyl CoA Dehydrogenase , SREBP1: Sterol regulatory element-binding protein 1 , DGAT: Diglyceride acyltransferase , p-AKT: Phospho-protein kinase B , p-GSK3β: Phospho-glycogen synthase kinase 3 β
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2020.601448/full#supplementary-material
REFERENCES
 Boden, G., Chen, X., Ruiz, J., White, J. V., and Rossetti, L. (1994). Mechanisms of fatty acid-induced inhibition of glucose uptake. J. Clin. Invest. 93, 2438–2446. doi:10.1172/JCI117252
 Chriett, S., Dąbek, A., Wojtala, M., Vidal, H., Balcerczyk, A., and Pirola, L. (2019). Prominent action of butyrate over β-hydroxybutyrate as histone deacetylase inhibitor, transcriptional modulator and anti-inflammatory molecule. Sci. Rep. 9, 742. doi:10.1038/s41598-018-36941-9
 Chriett, S., Zerzaihi, O., Vidal, H., and Pirola, L. (2017). The histone deacetylase inhibitor sodium butyrate improves insulin signalling in palmitate-induced insulin resistance in L6 rat muscle cells through epigenetically-mediated up-regulation of Irs1. Mol. Cell. Endocrinol. 439, 224–232. doi:10.1016/j.mce.2016.09.006
 Christensen, D. P., Dahllöf, M., Lundh, M., Rasmussen, D. N., Nielsen, M. D., Billestrup, N., et al. (2011). Histone deacetylase (HDAC) inhibition as a novel treatment for diabetes mellitus. Mol. Med. 17, 378–390. doi:10.2119/molmed.2011.00021
 Daemen, S., van Polanen, N., and Hesselink, M. K. C. (2018). The effect of diet and exercise on lipid droplet dynamics in human muscle tissue. J. Exp. Biol. 221 (1), 167015. doi:10.1242/jeb.167015
 Dai, Y., Rahmani, M., Dent, P., and Grant, S. (2005). Blockade of histone deacetylase inhibitor-induced RelA/p65 acetylation and NF-κB activation potentiates apoptosis in leukemia cells through a process mediated by oxidative damage, XIAP downregulation, and c-jun N-terminal kinase 1 activation. Mol. Cell. Biol. 25, 5429–5444. doi:10.1128/mcb.25.13.5429-5444.2005
 DeFronzo, R. A., and Tripathy, D. (2009). Skeletal muscle insulin resistance is the primary defect in type 2 diabetes. Diabetes Care 32 (2), S157–S163. doi:10.2337/dc09-S302
 Eckel, R. H., Grundy, S. M., and Zimmet, P. Z. (2005). The metabolic syndrome. Lancet 365, 1415–1428. doi:10.1016/S0140-6736(05)66378-7
 Ferrari, A., Fiorino, E., Longo, R., Barilla, S., Mitro, N., Cermenati, G., et al. (2017). Attenuation of diet-induced obesity and induction of white fat browning with a chemical inhibitor of histone deacetylases. Int. J. Obes. 41, 289–298. doi:10.1038/ijo.2016.191
 Galmozzi, A., Mitro, N., Ferrari, A., Gers, E., Gilardi, F., Godio, C., et al. (2013). Inhibition of class I histone deacetylases unveils a mitochondrial signature and enhances oxidative metabolism in skeletal muscle and adipose tissue. Diabetes 62, 732–742. doi:10.2337/db12-0548
 Glass, C. K.,, and Olefsky, J. M. (2012). Inflammation and lipid signaling in the etiology of insulin resistance. Cell Metab. 15, 635–645. doi:10.1016/j.cmet.2012.04.001
 Grabiec, A. M., Korchynskyi, O., Tak, P. P., and Reedquist, K. A. (2011). Histone deacetylase inhibitors suppress rheumatoid arthritis fibroblast-like synoviocyte and macrophage IL-6 production by accelerating mRNA decay. Ann. Rheum. Dis. 71, 424–431. doi:10.1136/ard.2011.154211
 Han, S. J., Choi, S. E., Yi, S. A., Jung, J. G., Jung, I. R., Shin, M., et al. (2016). Glutamate dehydrogenase activator BCH stimulating reductive amination prevents high fat/high fructose diet-induced steatohepatitis and hyperglycemia in C57BL/6J mice. Sci. Rep. 5, 37468.
 Hoeks, J., and Schrauwen, P. (2012). Muscle mitochondria and insulin resistance: a human perspective. Trends Endocrinol. Metab. 23, 444–450. doi:10.1016/j.tem.2012.05.007
 Hong, S., Zhou, W., Fang, B., Lu, W., Loro, E., Damle, M., et al. (2017). Dissociation of muscle insulin sensitivity from exercise endurance in mice by HDAC3 depletion. Nat. Med. 23, 223–234. doi:10.1038/nm.4245
 Lagosz, K. B., Bysiek, A., Macina, J. M., Bereta, G. P., Kantorowicz, M., Lipska, W., et al. (2019). HDAC3 regulates gingival fibroblast inflammatory responses in periodontitis. J. Dent. Res. 99, 98–106. doi:10.1177/0022034519885088
 Leus, N. G. J., van den Bosch, T., van der Wouden, P. E., Krist, K., Ourailidou, M. E., Eleftheriadis, N., et al. (2017). HDAC1-3 inhibitor MS-275 enhances IL10 expression in RAW264.7 macrophages and reduces cigarette smoke-induced airway inflammation in mice. Sci. Rep. 7, 45047. doi:10.1038/srep45047
 Ling, C., and Rönn, T. (2019). Epigenetics in human obesity and type 2 diabetes. Cell Metab. 29, 1028–1044. doi:10.1016/j.cmet.2019.03.009
 Loh, M., Zhou, L., Ng, H. K., and Chambers, J. C. (2019). Epigenetic disturbances in obesity and diabetes: epidemiological and functional insights. Mol. Metab. 27, S33–S41. doi:10.1016/j.molmet.2019.06.011
 McGee-Lawrence, M. E., Pierce, J. L., Yu, K., Culpepper, N. R., Bradley, E. W., and Westendorf, J. J. (2018). Loss of Hdac3 in osteoprogenitors increases bone expression of osteoprotegerin, improving systemic insulin sensitivity. J. Cell. Physiol. 233, 2671–2680. doi:10.1002/jcp.26148
 Meex, R. C. R., Blaak, E. E., and Loon, L. J. C. (2019). Lipotoxicity plays a key role in the development of both insulin resistance and muscle atrophy in patients with type 2 diabetes. Obes. Rev. 20, 1205–1217. doi:10.1111/obr.12862
 Meier, B. C., and Wagner, B. K. (2014). Inhibition of HDAC3 as a strategy for developing novel diabetes therapeutics. Epigenomics 6, 209–214. doi:10.2217/epi.14.11
 Nolan, C. J., and Prentki, M. (2008). The islet β-cell: fuel responsive and vulnerable. Trends Endocrinol. Metabol. 19, 285–291. doi:10.1016/j.tem.2008.07.006
 Petersen, K. F., Dufour, S., Savage, D. B., Bilz, S., Solomon, G., Yonemitsu, S., et al. (2007). The role of skeletal muscle insulin resistance in the pathogenesis of the metabolic syndrome. Proc. Natl. Acad. Sci. Unit. States Am. 104, 12587–12594. doi:10.1073/pnas.0705408104
 Petersen, K. F., and Shulman, G. I. (2002). Pathogenesis of skeletal muscle insulin resistance in type 2 diabetes mellitus. Am. J. Cardiol. 90, 11–18. doi:10.1016/s0002-9149(02)02554-7
 Plaisance, V., Rolland, L., Gmyr, V., Annicotte, J.-S., Kerr-Conte, J., Pattou, F., et al. (2014). The class I histone deacetylase inhibitor MS-275 prevents pancreatic beta cell death induced by palmitate. J. Diabetes Res. 2014, 1. doi:10.1155/2014/195739
 Poirier, P., Giles, T. D., Bray, G. A., Hong, Y., Stern, J. S., Pi-Sunyer, F. X., et al. (2006). Obesity and cardiovascular disease: pathophysiology, evaluation, and effect of weight loss. Arterioscler. Thromb. Vasc. Biol. 26, 968–976. doi:10.1161/01.ATV.0000216787.85457.f3
 Sachs, S., Zarini, S., Kahn, D. E., Harrison, K. A., Perreault, L., Phang, T., et al. (2019). Intermuscular adipose tissue directly modulates skeletal muscle insulin sensitivity in humans. Am. J. Physiol. Endocrinol. Metabol. 316, E866–E879. doi:10.1152/ajpendo.00243.2018
 Samuel, V. T., and Shulman, G. I. (2016). The pathogenesis of insulin resistance: integrating signaling pathways and substrate flux. J. Clin. Invest. 126, 12–22. doi:10.1172/JCI77812
 Sathishkumar, C., Prabu, P., Balakumar, M., Lenin, R., Prabhu, D., Anjana, R. M., et al. (2016). Augmentation of histone deacetylase 3 (HDAC3) epigenetic signature at the interface of proinflammation and insulin resistance in patients with type 2 diabetes. Clin. Epigenet. 8, 125. doi:10.1186/s13148-016-0293-3
 Smith, A. G., and Muscat, G. E. O. (2005). Skeletal muscle and nuclear hormone receptors: implications for cardiovascular and metabolic disease. Int. J. Biochem. Cell Biol. 37, 2047–2063. doi:10.1016/j.biocel.2005.03.002
 Song, S., Wen, Y., Tong, H., Loro, E., Gong, Y., Liu, J., et al. (2019). The HDAC3 enzymatic activity regulates skeletal muscle fuel metabolism. J. Mol. Cell Biol. 11, 133–143. doi:10.1093/jmcb/mjy066
 Sun, C., and Zhou, J. (2008). Trichostatin A improves insulin stimulated glucose utilization and insulin signaling transduction through the repression of HDAC2. Biochem. Pharmacol. 76, 120–127. doi:10.1016/j.bcp.2008.04.004
 To, M., Swallow, E. B., Akashi, K., Haruki, K., Natanek, S. A., Polkey, M. I., et al. (2017). Reduced HDAC2 in skeletal muscle of COPD patients. Respir. Res. 18, 99. doi:10.1186/s12931-017-0588-8
 Tumova, J., Andel, M., and Trnka, J. (2016). Excess of free fatty acids as a cause of metabolic dysfunction in skeletal muscle. Physiol. Res. 65, 193–207. doi:10.33549/physiolres.932993
 van der Kolk, B. W., Goossens, G. H., Jocken, J. W., and Blaak, E. E. (2016). Altered skeletal muscle fatty acid handling is associated with the degree of insulin resistance in overweight and obese humans. Diabetologia 59 (12), 2686–2696. doi:10.1007/s00125-016-4104-3
 Whitt, J., Woo, V., Lee, P., Moncivaiz, J., Haberman, Y., Denson, L., et al. (2018). Disruption of epithelial HDAC3 in intestine prevents diet-induced obesity in mice. Gastroenterology 155, 501–513. doi:10.1053/j.gastro.2018.04.017
 Wu, H., and Ballantyne, C. M. (2017). Skeletal muscle inflammation and insulin resistance in obesity. J. Clin. Invest. 127, 43–54. doi:10.1172/JCI88880
 Ye, J. (2013). Improving insulin sensitivity with HDAC inhibitor. Diabetes 62 (3), 685–687. doi:10.2337/db12-1354
 Zhang, Q., Zhu, Q., Deng, R., Zhou, F., Zhang, L., Wang, S., et al. (2019). MS-275 induces hepatic FGF21 expression via H3K18ac-mediated CREBH signal. J. Mol. Endocrinol. 62, 187–196. doi:10.1530/JME-18-0259
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 © 2020 Lee, Choi, Lee, Song, Kim, Jeong, Kang, Kim, Kim, Jeon and Lee. 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.
		ORIGINAL RESEARCH
published: 19 December 2020
doi: 10.3389/fphar.2020.603689


[image: image2]
H3 Relaxin Alleviates Migration, Apoptosis and Pyroptosis Through P2X7R-Mediated Nucleotide Binding Oligomerization Domain-Like Receptor Protein 3 Inflammasome Activation in Retinopathy Induced by Hyperglycemia
Kelaier Yang1, Jiannan Liu2, Xiaohui Zhang3, Ziqi Ren3, Lei Gao3, Ying Wang3, Wenjian Lin1, Xuefei Ma1, Ming Hao1 and Hongyu Kuang1*
1The Department of Endocrinology, The First Affiliated Hospital of Harbin Medical University, Harbin, China
2The Department of Urology, The First Affiliated Hospital of Harbin Medical University, Harbin, China
3The Department of Cardiology, The First Affiliated Hospital of Harbin Medical University, Harbin, China
Edited by:
Terry D. Hinds, University of Toledo, United States
Reviewed by:
Claudio Bucolo, University of Catania, Italy
Simonetta Falzoni, University of Ferrara, Italy
* Correspondence: Hongyu Kuang, ydyneifenmi@163.com
Specialty section: This article was submitted to Experimental Pharmacology and Drug Discovery, a section of the journal Frontiers in Pharmacology
Received: 07 September 2020
Accepted: 16 October 2020
Published: 19 December 2020
Citation: Yang K, Liu J, Zhang X, Ren Z, Gao L, Wang Y, Lin W, Ma X, Hao M and Kuang H (2020) H3 Relaxin Alleviates Migration, Apoptosis and Pyroptosis Through P2X7R-Mediated Nucleotide Binding Oligomerization Domain-Like Receptor Protein 3 Inflammasome Activation in Retinopathy Induced by Hyperglycemia. Front. Pharmacol. 11:603689. doi: 10.3389/fphar.2020.603689

Introduction: P2X7R excitation-interrelated NLRP3 inflammasome activation induced by high glucose contributes to the pathogenesis of diabetic retinopathy (DR). Relaxin-3 is a bioactive peptide with a structure similar to insulin, which has been reported to be effective in diabetic cardiomyopathy models in vivo and in vitro. However, it is not known whether relaxin-3 has a beneficial impact on DR, and the underlying mechanisms of the effect are also remain unknown.
Methods and Results: The retinas of male streptozotocin (STZ)-induced diabetic Sprague-Dawley (SD) rats were characterized. Human retinal microvascular endothelial cells (HRMECs) were used to evaluate the anti-inflammatory, antiapoptotic, antipyroptotic and anti-migration effects of H3 relaxin by transmission electron microscopy, wound-healing assay, transwell assay, flow cytometry, cytokine assays and western-blot analysis. After H3 relaxin treatment, changes of the ultrastructure and expression of NLRP3 inflammasome related proteins in the retinas of rats were compared with those in the diabetic group. In vitro, H3 relaxin played a beneficial role that decreased cell inflammation, apoptosis, pyroptosis and migration stimulated by advanced glycation end products (AGEs). Moreover, inhibition of P2X7R and NLRP3 inflammasome activation decreased NLRP3 inflammasome-mediated injury that similar to the effects of H3 relaxin. H3 relaxin suppressed the stimulation of apoptosis, pyroptosis and migration of HRMECs in response to AGEs mediated by P2X7R activation of the NLRP3 inflammasome.
Conclusion: Our findings provide new insights into the mechanisms of the inhibitory effect of H3 relaxin on AGE-induced retinal injury, including migration, apoptosis and pyroptosis, mediated by P2X7R-dependent activation of the NLRP3 inflammasome in HRMECs.
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INTRODUCTION
Diabetic retinopathy (DR) is a predominant comorbidity caused by uncontrolled hyperglycemia that leads to severe visual impairment and blindness (The Diabetes Control and Complications Trial Research Group, 1993; Yau et al., 2012). Sustained hyperglycemia, which impacts the homeostasis of the retinal vasculature and the integrity of the blood-retinal barrier (BRB), is regarded as the dominant promoter of DR development (Perrone et al., 2014; Simó and Hernández, 2014; Kowluru et al., 2015). Retinal microvessels are the pervasive targets of diabetic damage, which is characterized by inflammation, neovascularization, and abnormal permeability of the BRB. During hyperglycemia, dysfunction of retinal microvascular endothelial celsl (RMECs) is considered to be the initiator of a multifactorial etiology and pathogenesis, which are manifested as close relationships with cell migration and apoptosis upon exposure of cells to the cellular advanced glycation end products (AGEs) and are regulated by a variety of inflammatory and apoptotic factors (Mizutani et al., 1996; Stitt et al., 2016). Identification of innovative approaches for the prevention and treatment of DR is essential for neutralization of the negative consequence of vision loss related to hyperglycemia.
Nucleotide binding oligomerization domain-like receptor protein 3 (NLRP3) inflammasome, a kind of intracellular supramolecular protein complex composed of the core sensor protein NLRP3, the adaptor apoptosis-associated speck-like protein containing a CARD (ASC) and effector caspase-1 (Duncan et al., 2007). Upon stimulation, ASC interacts with the upstream NLRP3 protein and recruits the downstream target caspase-1. Caspase-1 is activated by autoproteolysis to form the active p10 and p20 subunits. Active caspase-1 mainly acts on interleukin (IL)-1 family substrates, promoting the release of IL-1β and IL-18 (Schmidt et al., 2016; Willingham et al., 2009; von Moltke et al., 2013). Several models of NLRP3 inflammasome activation have been developed, including an ion redistribution model, a lysosomal disruption model, a mitochondrial dysfunction model, a metabolic changes model and a trans-Golgi disassembly model. The ion redistribution model mainly includes potassium ion (K+) efflux, calcium ion (Ca2+) flux and chloride ion (Cl−) efflux. The K+ ionophore and ATP-mediated purinergic ligand-gated ion channel seven receptor (P2X7R), a ligand-gated ion channel in the purinergic receptor family, promote the secretion of IL-1β and IL-18 via K+ efflux and Ca2+ influx (Surprenant et al., 1996; Samways et al., 2014). P2X7R and the NLRP3 inflammasome always intimately interact and colocalize at discrete spots in the subplasmalemmal area in the resting and active states. The NLRP3 inflammasome is the primary transducer that translates a decrease in cytoplasmic K+ induced by P2X7R receptor activation into pro-inflammatory signals (Franceschini et al., 2015). P2X7R has various polymorphic variants with variable abilities to increase cytosolic Ca2+ levels upon induction by ATP. Treatment with P2X7R antagonists and data obtained from P2X7−/− mice demonstrates that suppression of P2X7R attenuates inflammatory processes, indicating that P2X7R plays the role of a trigger that decreases intracellular K+, and is an essential ATP-sensing receiver of NLRP3 inflammasome signaling (Karmakar et al., 2016). Therefore, inhibition of P2X7R expression indirectly reduces the activation of the NLRP3 inflammasome.
P2X7R is considered as a potential pharmacological target in several ocular diseases (Kerur et al., 2013; Beckel et al., 2014; Sanderson et al., 2014). Validated selective P2X7R antagonists are currently being evaluated in Phase I/II clinical trials (Clapp et al., 2019). P2X7R plays an important role in BRB integrity by regulating trans-endothelial electrical resistance (TEER) and the cell junction morphology (Platania et al., 2019). P2X7R antagonists protect against alterations of mitochondrial function and changes in cell permeability, which are caused by enhanced vulnerability to P2X7R activation in retinal microvessels; these properties of P2X7R antagonists suggest their potential use in the treatment of DR (Platania et al., 2017). Active P2X7R signaling induces vasotoxicity mediated by the activation of K+ and Ca2+ channels, as well as ROS accumulation in retinal pericytes and capillaries to potentially amplify the inflammatory reaction induced by high glucose (Shibata et al., 2018).
Relaxin is a multipotent peptide hormone of the insulin superfamily that was discovered in the circulating blood of pregnant women in 1926 (Bathgate et al., 2002). Relaxin plays an anti-inflammatory role in inflammatory response by enhancing the synthesis of endogenous nitric oxide and inhibiting the production of inflammatory mediators such as IL-1, IL-6 and tumor necrosis factor-α (TNF-α) (Masini et al., 2004; Bani, 2012). It should be noted that relaxin can improve insulin resistance, enhance pancreatic beta cell function, restore vascular endothelial dysfunction and promote the remediation of injured tissue under diabetic conditions (Szepietowska et al., 2008). Previous studies on the relaxin family have mainly focused on relaxin-2, the biological role of relaxin-3 is similar to that of relaxin-2. Relaxin-3 is present in the brain and participates in the regulation of feeding, learning, memory and physiological stress (Bathgate et al., 2002). It has been confirmed that H3 relaxin (synthetic relaxin-3) inhibits the apoptosis and fibrosis in ventricular myocytes induced by high glucose through regulating both external and internal pathways (Zhang et al., 2005). Similarly, our previous studies have shown that H3 relaxin can alleviate inflammation and fibrosis in the kidneys of diabetic rats, however, it is not known whether H3 relaxin is effective against diabetic retinopathy, which belongs to the group of microvascular complications of diabetes along with diabetic nephropathy, is still unknown.
Our study aimed to evaluate the anti-inflammatory, antiapoptotic and anti-cell migration effects of H3 relaxin and to determine whether H3 relaxin inhibits cell migration and apoptosis through the regulation of P2X7R-mediated activation of the NLRP3 inflammasome.
MATERIALS AND METHODS
Experimental Animals and Groups
A total of 110 adult male Sprague-Dawley (SD) rats (weighing 200–250 g) were obtained from the Experimental Animal Centre at the Second Affiliated Hospital of Harbin Medical University. The rats were randomly divided into control (Group C, n = 30) and diabetic groups after stable feeding. The animals in the diabetic group was established by intraperitoneal injection of 65 mg/kg STZ (Sigma, St. Louis, MO, USA; diluted in 0.1% mol/L citrate buffer, pH = 4.5). After successful development of the diabetic model, the diabetic group was randomly divided into three subgroups containing approximately equal number of animals (n = 26–29): a high-dose H3 relaxin group (2 µg/kg/d, Group A), a low-dose H3 relaxin group (0.2 µg/kg/d, Group B) and a diabetic group treated with the same dose of normal saline (Group D). Synthetic H3 relaxin (Cat#035–36A, Phoenix Pharmaceuticals, USA; diluted in sterile water for injection) was injected into Group A and Group B rats for 14 consecutive days during the last 2 weeks before the end of the experiment. The retinas and plasma were obtained after 4 and 8 weeks of STZ treatment, and the samples were fixed or stored at specific temperature for subsequent imaging or biochemical analyses.
The study was approved by the Ethics Committee of The First Affiliated Hospital of Harbin Medical University. All animal studies and experimental protocols were carried out in accordance with the Animal Management Rule of the Ministry of Health in the People’s Republic of China (Document No. 55, 2001) and the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
Human Retinal Microvascular Endothelial Cell Culture
Human retinal microvascular endothelial cells (hRMECs) were obtained from the Ophthalmology Laboratory of Harbin Medical University and cultured in endothelial cell medium (ECM; Sciencell, San Diego, CA, United States) supplemented with 5% fetal bovine serum (Sciencell, San Diego, CA, United States), 100 U/ml penicillin and 100 µg/ml streptomycin in a humidified atmosphere of 5% CO2 at 37°C. hRMECs were used in the experiments at passages 3–6. The cell experiments involved three stages. In the first phase, the cells were pretreated with H3 relaxin (100 ng/ml), insulin (50 nmol/L, Novo Nordisk), both or physiological saline for 30 min with exposure to AGE-BSA (100 µg/ml, Cat#2221-10, BioVision, San Francisco, CA, USA) or control-BSA (100 µg/ml, BioVision, San Francisco, CA, USA) for 48 h. In the second phase, the cells were treated with H3 relaxin (100 ng/ml), MCC950 (1 µmol/L, Cat#PZ0280, Sigma-Aldrich, St. Louis, MO, USA), both or physiological saline with exposure to AGE-BSA (100 µg/ml) or control-BSA (100 µg/ml) for 48 h. In the third phase, cells were treated with control-BSA (100 µg/ml), AGE-BSA (100 µg/ml), AGE-BSA+H3 relaxin (100 ng/ml), AGE-BSA+BzATP (100 µmol/L, Cat#B6396, Sigma-Aldrich, St. Louis, MO, United States), AGE-BSA+A438079 (10 µmol/L, Cat#A9736, Sigma-Aldrich, St. Louis, MO, United States), or AGE-BSA + BzATP (100 µmol/L)+ H3 relaxin (100 ng/ml) for 48 h.
Observation of the Ultrastructure by Transmission Electron Microscopy
To prepare retinal samples, after anesthetizing and sacrificing the rats, the whole eyeball was immediately extracted and cutted into hemisles by the optic nerve, then fixed the samples in 2.5% pre-cooling glutaraldehyde. To prepare hRMECs samples for the observation of apoptosis and pyroptosis, cells were treated according to experimental requirements, digested with the enzyme trypsin, centrifuged at 3,000 rpm for 15 min and fixed in 2.5% pre-cooling glutaraldehyde.
After at least 2 h of fixation under the condition of 4°C, the samples were further fixed with 2% cacodylate-buffered 2% osmium tetroxide, followed by dehydrating in an ascending alcohol procedure and embedding in Epon 812. Then, ultrathin sections which are about 50 nm thick were cutted and loaded on the copper net. After staining the sections with uranyl acetate and lead citrate, the samples were observed under a transmission electron microscope (JEM 1210; JEOL, Ltd., Japan).
Measurement of Inflammatory Factor Levels in the Plasma
After anesthetization, plasma samples were obtained from the abdominal aorta of rats and then were centrifuged at 1,000 rpm for 10 min. The plasma samples were used to detect IL-18, IL-1β, vascular endothelial growth factor (VEGF) and TNF-α concentrations with a Cytokine/Chemokine Magnetic Bead Panel kit (Cat#RECYTMAG-65K, EMD Millipore, Germany).
Detection of Cytokines in the Culture Medium
Culture medium was extracted by centrifuging at 1,000 g for 10 min, and IL-18 (Cat#EK0864, Bosterbio, Wuhan, China) and IL-1β (Cat#EK0392, Bosterbio, Wuhan, China) concentrations were measured by enzyme-linked immunosorbent assay.
Western Blot Analysis
Protein was harvested from rat retinal tissue and hRMECs using RIPA buffer with protease inhibitors, and the protein concentration was determined by the BCA protein assay (Beyotime, China). Protein samples were separated with 10% and 12% SDS–PAGE in a running buffer and transferred to PVDF membranes with a transfer buffer. After blocking in 5% skim milk, the membranes were incubated with the primary antibodies anti-NLRP3 (1:1,000, Cat#ab214185, Abcam), anti-ASC (1:500, Cat#sc-514414, Santa Cruz Biotech), anti-cleaved caspase-1 (1:1,000, Cat#4199, Cell Signaling Technology; 1:1,000, Cat#ab179515, Abcam), anti-IL-1β (1:500, Cat#sc-515598, Santa Cruz Biotech), anti-IL-18 (1:1,000, Cat#ab191152, Abcam; 1:500, Cat#bs-0529R, Bioss), anti-MMP-2 (1:1,000, Cat#ab92536, Abcam), anti-MMP-9 (1:1,000, Cat#ab76003, Abcam), anti-VE-cadherin (1:1,000, Cat#ab119785, Abcam), anti-ZO-1 (1:1,000, Cat#ab96587, Abcam; 1:2000, Cat#21773-1-AP, ProteinTech), anti-occludin (1:1,000, Cat#ab216327, Abcam), anti-cleaved caspase-3 (1:1,000, Cat#9661, Cell Signaling Technology), anti-cleaved caspase-9 (1:1,000, Cat#9508, Cell Signaling Technology; 1:1,000, Cat#ab2324, Abcam), anti-cleaved caspase-8 (1:1,000, Cat#13423-1-AP, ProteinTech), anti-P2X7R (1:1,000, Cat#ab48871, Abcam), anti-gasdermin D (1:1,000, Cat#39754, Cell Signaling Technology) and anti-β-actin (1:1,000, Cat#TA-09, ZSJQ-BIO), followed by incubation with peroxidase-conjugated secondary antibodies (1:1,000, Cat#zb-2305&zb-2301, ZSGB-BIO). The immunoreactive complexes were analyzed using Bio-Rad Image Lab software for quantification. All experiments were repeated at least three times.
Wound-Healing Assay
After growing to complete confluency, hRMECs were treated with 10 μg/ml mitomycin C for 2 h. Wounds were created by scratching with a pipette tip, and then the cells were incubated according to experimental requirements for 24 h. Images of the wound areas were obtained at 0 and 24 h using a microscope to analyze cell movement. ImageJ software (National Institutes of Health, USA) was used to analyze the extent of migration. Each assay was repeated more than three times. The extent of wound healing was calculated as a percentage according to the following equation: [1−(empty area 24 h/empty area 0 h)]×100%.
Transwell Assay
The migration of hRMECs was assessed with transwell chambers (Corning, United States). Pretreated cells were suspended in serum-free medium and then seeded in the upper compartment of the transwell chambers. The lower compartment was filled with medium containing 20% FBS. After a 24-h incubation, migrated cells were fixed with 4% paraformaldehyde and stained with 0.5% crystal violet. The degree of migration was analyzed under a light microscope, and the average number of migrating cells was calculated based on three replicate experiments.
Flow Cytometry Analysis of Cell Apoptosis
FITC-conjugated Annexin V (Annexin V-FITC)/propidium iodide (PI) Apoptosis Detection kit was purchased from Beyotime Biotechnology (Shanghai, China). After treatment and centrifugation at 2000 rpm for 5 min under the condition of 4°C, hRMECs were harvested and added with binding buffer to re-suspend, followed by staining in the dark with Annexin V-FITC and PI for 15 min. A FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, United States) was employed to detect and analyze the apoptosis of hRMECs. The experiments were repeated three times.
Statistical Analyses
Data are expressed as the mean ± SD, SPSS 22.0 was used to analyze the results. One-way ANOVA followed by the Newman-Keuls multiple-comparison test was used for statistical analysis of more than two groups. p < 0.05 was considered statistically significant.
RESULTS
H3 Relaxin Improved the Ultrastructure of Rat Retinas Under High-Glucose Conditions
Transmission electron microscope was used to observe the layered structure of the retina in rats after 4 or 8 weeks of treatment. At 8 weeks, the retinal layers of the control group were intact and clear. After STZ treatment, disorganized membrane discs were observed, mitochondria in several layers were degenerated, and the numbers of synapses and synaptic vesicles in the inner plexiform layer and outer plexiform layer were decreased. The ganglion cell layer showed ganglion nuclei swelling and endoplasmic reticulum expansion. After administration of a high dose of H3 relaxin, the membrane discs were substantially clearer, the numbers of synapses in the outer and inner plexiform layers were increased in H3 relaxin-treated rats compared with the diabetic rats, and the morphology of the ganglion cells was normal; however, the improvement was less pronounced in the low-dose treatment group (Supplementary Figure S1). The degree of injury at 4 weeks was weaker than that at 8 weeks, however, the trends in each group were similar.
H3 Relaxin Alleviated Inflammatory Activity in Diabetic Rat Retinas
To investigate whether inflammation is induced by hyperglycemia, the expression of the NLRP3 inflammasome and inflammatory cytokines IL-18 and IL-1β were assayed by western blot analysis. After STZ treatment, the levels of NLRP3, ASC, cleaved caspase-1, IL-18 and IL-1β were significantly increased at both 4 and 8 weeks. At 8 weeks, the expression levels of these components were higher than at 4 weeks (Figure 1E and Supplementary Figure SF2A,B). After administration of H3 relaxin, the expression of all the tested proteins decreased in the high-dose group compared with those in the low-dose group. Similar patterns were detected at the two time points at 4 and 8 weeks. Moreover, according to the cytokine kit analysis, the VEGF, TNF-α, IL-18 and IL-1β levels in rat plasma demonstrated similar trends, which also supported that H3 relaxin lessened the inflammatory activity induced by hyperglycemia (Figures 1A–D).
[image: Figure 1]FIGURE 1 | Effect of H3 relaxin treatment on inflammation and apoptosis in retinas of diabetic rats. (A) The expression of IL-1β at 4 and 8 weeks in the plasma of diabetic rats. (B) The expression of IL-18 at 4 and 8 weeks in the plasma of diabetic rats. (C) The expression of TNF-α at 4 and 8 weeks in the plasma of diabetic rats. (D) The expression of VEGF at 4 and 8 weeks in the plasma of diabetic rats. (E) The protein expression of NLRP3 inflammasome and inflammatory cytolines at 4 and 8 weeks were evaluated by western blot. (F) The expression of apoptosis-related protein at 4 and 8 weeks were evaluated by western blot. Data are the means ± SD, and each measurement was repeated six times. #p < 0.05 vs. Control group, ##p < 0.01 vs. Control group, *p < 0.05 vs. Diabetic group, **p < 0.01 vs. Diabetic group.
H3 Relaxin Suppressed Apoptosis in the Rat Retina Under Diabetic Conditions
Western blot analysis was performed to evaluate the induction of apoptosis by hyperglycemia, including the death receptor and mitochondrial pathways characterized by the expression of caspase-8 and caspase-9, respectively, which were evaluated as well as the downstream executor caspase-3. The results indicated that the expression of cleaved caspase-3, cleaved caspase-8 and cleaved caspase-9 was enhanced in the high-glucose environment and that the levels of these proteins at 8 weeks were higher than those at 4 weeks. H3 relaxin reduced the expression of all of these proteins, and the high-dose treatment had a preferable protective effect than the low-dose treatment (Figure 1F and Supplementary Figure S2C,D).
H3 Relaxin Weakened AGE-Induced NLRP3 Inflammasome Expression in hRMECs
The expression of the NLRP3 inflammasome and relevant cytokines IL-18 and IL-1β was assayed in hRMECs. Compared with the con-BSA group, the AGE-BSA group showed heightened expression of NLRP3, ASC, cleaved caspase-1, IL-18 and IL-1β. Additionally, we observed protection by treatment with H3 relaxin, insulin, or both. H3 relaxin and insulin produced similar anti-inflammatory effects, and the combination therapy exerted a more obvious impact than the either single therapy (Figure 2B and Supplementary Figure S3A). Moreover, IL-18 and IL-1β in the culture medium were detected by ELISA, which also showed increased concentrations induced by AGE-BSA and decreased concentrations induced by H3 relaxin or/and insulin (Figure 2A). These results indicated that H3 relaxin weakened the process of NLRP3 inflammasome activity in AGE-BSA-treated hRMECs, and these effects were similar to that of insulin.
[image: Figure 2]FIGURE 2 | H3 relaxin alleviated NLRP3 inflammasome activation, apoptosis, pyroptosis and migration in hRMECs. (A) The protein levels of IL-1β and IL-18 in cell culture media. (B) The protein expression of NLRP3 inflammasome and inflammatory cytolines were evaluated by western blot. (C) The protein expression of cleaved caspase-3, cleaved caspase-9, cleaved caspase-8 and GSDMD were evaluated by western blot. (D) The protein expression of VE-cadherin, ZO-1, occludin, MMP2 and MMP9 were evaluated by western blot. (E) The apoptosis in hRMECs were observed by transmission electron microscopy. (original magnification, ×5,000). Ultrastructural evaluation was performed: The majority of hRMECs treated by AGE-BSA showed apoptosis in early and middle phase. After H3 relaxin or/and insulin treatment, hRMECs were noticed improvement in early phase of apoptosis. Medullary corpuscles (arrow) can be noticed. (F,G) Cell apoptosis was measured by flow cytometry. (H,I) Wound-healing assay of hRMECs (Scale bar = 200 µm). (J,K) Transwell assay of hRMECs (Scale bar = 200 µm). Data are the means ± SD, and each measurement was repeated six times. ##p < 0.01 vs. Control group, *p < 0.05 vs. Diabetic group, **p < 0.01 vs. Diabetic group.
H3 Relaxin Suppressed AGE-Induced Apoptosis and Pyroptosis in hRMECs
Transmission electron microscopy was used to observe the ultrastructure of hRMECs to evaluate apoptosis and pyroptosis. We noticed complete cell membranes and nuclear membranes, a rich cytoplasm and well-organized organelles in hRMECs treated with con-BSA. In the AGE-BSA group, a variety of cells in late-stage apoptosis demonstrated a loss of the cytoplasm and reduced cell protuberance. Notably, a few cells exhibited cellular swelling and karyopyknosis, which are the signature features of pyroptosis. After treatment with H3 relaxin, similar to insulin treatment, the cellular morphology was improved with reduced apoptosis, and many cells were in the early or middle stage of apoptosis. hRMECs treated with the combination therapy demonstrated pronounced improvement, and pyroptosis was not observed (Figure 2E). Consistently, western blot analysis showed a decrease in the expression levels of the apoptosis-related proteins, including cleaved caspase-3, cleaved caspase-8 and cleaved caspase-9, and pyroptosis-related proteins, including GSDMD and cleaved caspase-1, in hRMECs treated with H3 relaxin and/or insulin (Figures 2C,F,G and Supplementary Figure SF3B). These results suggested that H3 relaxin played a protective role against apoptosis and pyroptosis in AGE-BSA-induced hRMECs and that the effect of H3 relaxin was similar to that of insulin.
H3 Relaxin Reduced the AGE-Induced Migration of hRMECs
To determine whether the migration of hRMECs can be induced by AGE-BSA and influenced by H3 relaxin or insulin, the expression of β-actin and the migration markers VE-cadherin, ZO-1, occludin, MMP2 and MMP9 were measured. The western blot analysis results revealed that the expression levels of VE-cadherin, ZO-1, occludin, MMP2 and MMP9 were enhanced by AGE-BSA after hRMECs were cultured in the presence of H3 relaxin or insulin, the levels of these proteins were downregulated, and the combination treatment provided stronger protection than that induced by the single treatments (Figure 2D and Supplementary Figure S3C). Wound-healing assays were further used to determine the migration of hRMECs. The data indicated that hRMECs migration was enhanced after stimulation by AGE-BSA, whereas H3 relaxin, insulin or their combination suppressed hRMEC migration (Figures 2H,I). Moreover, the transwell assay results also indicated a decrease in the migration of H3 relaxin- or insulin-treated hRMECs stimulated by AGE-BSA (Figures 2J,K). These data indicated that H3 relaxin prevented the migration of AGE-BSA-stimulated hRMECs, and this protection was similar to that of insulin.
H3 Relaxin Weakened AGE-Induced Apoptosis and Pyroptosis by Attenuating NLRP3 Inflammasome Activation
To determine whether the effect of H3 relaxin on apoptosis and pyroptosis are mediated by the NLRP3 inflammasome, MCC950 was used to decrease the activation of the NLRP3 inflammasome. In the presence of MCC950, the expression levels of cleaved caspase-1, IL-18 and IL-1β were suppressed, whereas the protein levels of NLRP3 and P2X7R were not observably influenced (Figures 3A–D). Proteins related to apoptosis and pyroptosis were detected by western blot analysis, including cleaved caspase-3, cleaved caspase-8, cleaved caspase-9 and GSDMD, the data indicated that the levels of all of these proteins were attenuated by MCC950. In addition, the effect of MCC950 was compared with that of H3 relaxin, and the results indicated that H3 relaxin were somewhat weaker than those of MCC950. Treatment of hRMECs with the combination of H3 relaxin and MCC950 reduced apoptosis and pyroptosis compared with those in hRMECs treated with AGE-BSA, however, the reduction was incomplete (Figures 4A–E). These results indicated that H3 relaxin alleviated AGE-induced apoptosis and pyroptosis and the roles involved in these improvements might be partially mediated by the NLRP3 inflammasome.
[image: Figure 3]FIGURE 3 | MCC950 and H3 relaxin inhibited AGE-induced inflammatory reaction in hRMECs. (A,B) The expression of P2X7R protein were analysed by Western blot. (C) The protein expression of NLRP3 inflammasome and inflammatory cytolines were evaluated by western blot after H3 relaxin or/and MCC950 treatment. (D) The protein levels of NLRP3 inflammasome and inflammatory cytolines were normalized to β-actin. Data are the means ± SD, and each measurement was repeated six times. ##p < 0.01 vs. Control group, *p < 0.05 vs. Diabetic group, **p < 0.01 vs. Diabetic group.
[image: Figure 4]FIGURE 4 | H3 relaxin alleviated AGE-induced apoptosis and pyroptosis in hRMECs by attenuating the activation of NLRP3 inflammasome. (A) The apoptosis in hRMECs were observed by transmission electron microscopy (original magnification, ×10,000). Ultrastructural evaluation was performed: After H3 relaxin or/and MCC950 treatment, hRMECs were noticed improvement in apoptosis compared with AGE-BSA group. (B,C) Cell apoptosis was measured by flow cytometry. (D) The protein expression of cleaved caspase-3, cleaved caspase-9, cleaved caspase-8 and GSDMD were evaluated by western blot. (E) The protein levels of cleaved caspase-3, cleaved caspase-9, cleaved caspase-8 and GSDMD were normalized to β-actin. Data are the means ± SD, and each measurement was repeated six times. ##p < 0.01 vs. Control group, *p < 0.05 vs. Diabetic group, **p < 0.01 vs. Diabetic group.
H3 Relaxin Subdued AGE-Induced Migration by Alleviating NLRP3 Inflammasome Activation
We further evaluated the effect of H3 relaxin on migration by inhibiting the NLRP3 inflammasome. The expression levels of proteins related to migration, including VE-cadherin, ZO-1, occludin, MMP2 and MMP9 were assayed. The results showed that hRMECs treated with MCC950 manifested a decrease in the levels of VE-cadherin, ZO-1, occludin, MMP2 and MMP9, accompanied by reduced expression levels of cleaved caspase-1, IL-18 and IL-1β. hRMECs treated with H3 relaxin also exhibited improvements in VE-cadherin, ZO-1, occludin, MMP2 and MMP9; unlike the MCC950 group, the H3 relaxin group showed improvements in all components of the NLRP3 inflammasome. Treatment with MCC950 and H3 relaxin decreased the levels of proteins related to the migration and NLRP3 inflammasome compared with those in cells treated with AGE-BSA (Figures 5A,B). The wound-healing and transwell assays showed a similar trend in migration (Figures 5C–F). These data suggested that activation of the NLRP3 inflammasome may contribute to H3 relaxin-induced suppression of AGE-stimulated migration.
[image: Figure 5]FIGURE 5 | H3 relaxin alleviated AGE-induced migration in hRMECs by attenuating the activation of NLRP3 inflammasome. (A) The protein expression of VE-cadherin, ZO-1, occludin, MMP2 and MMP9 were evaluated by western blot. (B) The protein levels of VE-cadherin, ZO-1, occludin, MMP2 and MMP9 were normalized to β-actin. (C,D) Wound-healing assay of hRMECs (Scale bar = 200 µm). (E,F) Transwell assay of hRMECs (Scale bar = 200 µm). Data are the means ± SD, and each measurement was repeated six times. ##p < 0.01 vs. Control group, *p < 0.05 vs. Diabetic group, **p < 0.01 vs. Diabetic group.
H3 Relaxin Suppressed AGE-Induced Retinal Apoptosis and Pyroptosis by Attenuating P2X7R-Mediated NLRP3 Inflammasome Activation
ATP-mediated K+ efflux through P2X7R is an upstream signal essential for the activation of the NLRP3 inflammasome, which increases the secretion of IL-1β and IL-18 (Surprenant et al., 1996). Our team found that H3 relaxin reduced the expression of P2X7R induced by AGE-BSA (Figure 6A–D). Then, the potential mechanism of the H3 relaxin-dependent reduction in AGE-induced apoptosis and pyroptosis via P2X7R-mediated activation of the NLRP3 inflammasome was investigated. Initially, hRMECs were treated with AGE-BSA and the P2X7R agonist BzATP or the P2X7R inhibitor A438079. The BzATP treatment enhanced the expression of the NLRP3 inflammasome and proteins related to apoptosis and pyroptosis, including cleaved caspase-3, cleaved caspase-8 and cleaved caspase-9 and GSDMD, whereas the treatment with A438079 weakened the expression levels of these proteins, similar to the results obtained in the H3 relaxin treatment group. Treatment with a combination of H3 relaxin and BzATP decreased the levels of these proteins compared with those in cells treated with BzATP alone. The IL-18 and IL-1β levels in the culture medium followed a similar trend (Figures 7A–E). These data indicated that H3 relaxin might play roles in AGE-induced apoptosis and pyroptosis, which are at least partially mediated by P2X7R-dependent activation of the NLRP3 inflammasome.
[image: Figure 6]FIGURE 6 | The regulation of P2X7R changed the inflammatory reaction induced by AGE-BSA in hRMECs. (A,B) The expression of P2X7R protein were analysed by Western blot. (C) The protein expression of NLRP3 inflammasome and inflammatory cytolines were evaluated by western blot after P2X7R agonist or inhibitor treatment. (D) The protein levels of NLRP3 inflammasome and inflammatory cytolines were normalized to β-actin. Data are the means ± SD, and each measurement was repeated six times. ##p < 0.01 vs. Control group, *p < 0.05 vs. Diabetic group, **p < 0.01 vs. Diabetic group. &p < 0.05 vs. AGE-BSA+BzATP group, &&p < 0.01 vs. AGE-BSA+BzATP group.
[image: Figure 7]FIGURE 7 | The regulation of P2X7R changed apoptosis and pyroptosis induced by AGE-BSA in hRMECs. (A) The apoptosis in hRMECs were observed by transmission electron microscopy. (original magnification, ×10,000). Ultrastructural evaluation was performed: After H3 relaxin or/and A438079 treatment, hRMECs were noticed improvement in apoptosis compared with AGE-BSA group. BzATP enhanced cell injury into late phase of apoptosis and a phagosome can be noticed (arrow). (B,C) Cell apoptosis was measured by flow cytometry. (D) The protein expression of cleaved caspase-3, cleaved caspase-9, cleaved caspase-8 and GSDMD were evaluated by western blot. (E) The protein levels of cleaved caspase-3, cleaved caspase-9, cleaved caspase-8 and GSDMD were normalized to β-actin. Data are the means ± SD, and each measurement was repeated six times. ##p < 0.01 vs. Control group, *p < 0.05 vs. Diabetic group, **p < 0.01 vs. Diabetic group. &p < 0.05 vs. AGE-BSA+BzATP group, &&p < 0.01 vs. AGE-BSA+BzATP group.
H3 Relaxin Mitigated AGE-Induced Retinal Cell Migration by Alleviating P2X7R-Mediated NLRP3 Inflammasome Activation
We further investigated whether H3 relaxin reduces AGE-induced migration via P2X7R-mediated NLRP3 inflammasome activation. Compared with con-BSA, H3 relaxin and A438079 both reduced the expression of proteins related to migration, and BzATP increased the migration of hRMECs induced by AGE-BSA, which was consistent with the trend for NLRP3-mediated inflammation (Figures 8A,B). This observation was further supported by wound-healing and transwell assays (Figures 8C–F). These data indicated that H3 relaxin might attenuate AGE-induced migration, which at least played a protective role partially through P2X7R-mediated NLRP3 inflammasome activation.
[image: Figure 8]FIGURE 8 | The regulation of P2X7R changed migration induced by AGE-BSA in hRMECs. (A) The protein expression of VE-cadherin, ZO-1, occludin, MMP2 and MMP9 were evaluated by western blot. (B) The protein levels of VE-cadherin, ZO-1, occludin, MMP2 and MMP9 were normalized to β-actin. (C,D) Wound-healing assay of hRMECs (Scale bar = 200 µm). (E,F) Transwell assay of hRMECs (Scale bar = 200 µm). Data are the means ± SD, and each measurement was repeated six times. ##p < 0.01 vs. Control group, *p < 0.05 vs. Diabetic group, **p < 0.01 vs. Diabetic group. &p < 0.05 vs. AGE-BSA+BzATP group, &&p < 0.01 vs. AGE-BSA+BzATP group.
DISCUSSION
Studies have shown that the levels of caspase-1 and the inflammatory cytokine IL-18 are increased in patients with proliferative diabetic retinopathy (PDR) and the level of NLRP3 in the optic disc in the eyes of patients with PDR is higher than that in the eyes of patients with inactive neovascularization (Qi et al., 2014). Inhibition of the NLRP3 inflammasome enhances insulin sensitivity and glucose tolerance compared with no treatment (Vandanmagsar et al., 2011). Here, we observed that high glucose increased the expression of the NLRP3 inflammasome in the rat retina. In AGE-BSA-induced hRMECs, the levels of the NLRP3 inflammasome and its effector cytokines were also significantly increased. The detection of IL-18 and IL-1β in rat plasma and culture medium supported the conclusion. Recently, a diaryl sulfonylurea compound, MCC550, was reported to be a highly specific inhibitor of NLRP3-mediated inflammation, and this compound was initially identified the most effective inhibitor of the IL-1β-releasing enzyme (Perregaux et al., 2001). Our results showed that MCC950 controlled the activation of the NLRP3 inflammasome by inhibiting cleaved caspase-1 and decreasing the levels of the downstream cytokines IL-1β and IL-18, thus reducing the migration, apoptosis and pyroptosis of hRMECs by inhibiting the production of cleaved caspase-1 and inflammatory cytokines. However, MCC950 did not influence the expression of NLRP3 or caspase-1 precursors. MCC950 played an anti-inflammatory role in the pathogenesis of glucose-mediated retinopathy, and our data are consistent with the results of previous reports.
P2X7R is an oxidative stress and metabolic sensor that contributes to the activation of the NLRP3 inflammasome as an activator. In the retinas of murine and primates, P2X7R is present in the retinal microvascular system, neural cells and macrophages. On the condition of low extracellular ATP production, phagocytosis contributes to cleaning cell debris, when the concentrations of ATP are high, neuroinflammation enhanced instead of phagocytosis (Ho et al., 2016). After binding with ATP, P2X7R forms a nonselective cation channel on the cell surface (Kahlenberg and Dubyak, 2004). It is worth noting that the intimate relationship between P2X7R and NLRP3 inflammasome shows significant contribution to the activation of inflammasome. Firstly, P2X7R can assist NLRP3 to precisely focus on the position of K+ efflux and Ca2+ influx. Moreover, P2X7R recruitment also amplifies proinflammatory signals by regulating the expression levels of NLRP3 (Franceschini et al., 2015). Previous studies have demonstrated that a deficiency in P2X7R can provide resistance to the induction of diabetes and have suggested that P2X7R-targeted therapy of clinical diabetes may be feasible. P2X7R mediates the accumulation of the NLRP3 inflammasome and is involved the development of diabetic cardiomyopathy (Zhang et al., 2018). Our findings are consistent with previous studies that have demonstrated that enhancement of P2X7R signaling by the agonist BzATP can significantly activate the NLRP3 inflammasome stimulated by AGE-BSA and that the inhibitor A438079 attenuates the inflammatory response. Our data indicate that P2X7R indirectly affected AGE-induced hRMECs via the NLRP3 inflammasome. An increase in the expression of P2X7R changed the interendothelial cell junctions composed of protein complexes, including tight junctions and adherens junctions which contain Vascular endothelial (VE)-cadherin and zonula occludens (ZO)-1 respectively. In addition, upregulation of the expression of highly conserved MMPs, which are involved in extracellular matrix remodeling, angiogenesis, cell migration and proliferation, enhanced hRMECs migration and influenced the steady state of retinal microvessels (Firth et al., 1983). Moreover, our data indicated an increase in pyroptosis in hRMECs, which was consistent with the occurrence of apoptosis. Activation of the NLRP3 inflammasome in multiple pathological states can be induced by the recruitment of pro-IL-1β and pro-IL-18, which are cleaved by caspase-1, leading to pore formation, osmotic swelling, early loss of membrane integrity and eventual rapid inflammatory lytic death (Miao et al., 2011). Studies have proven that cell apoptosis and migration are closely related. Endothelial cell apoptosis plays an indispensable role in the development and angiogenesis of the vascular system and is strictly regulated by the expression of proapoptotic and antiapoptotic factors. Recently, knockout of bcl-2 was reported to influence the proliferation, adhesion, migration and capillary morphogenesis of hRMECs, which destroyed the relationship between cell survival and angiogenesis-promoting signals, prevented the formation of capillary morphology, decreased the branching and formation of retinal vessels, and reduced the numbers of endothelial cells and pericytes. (Kondo et al., 2008).
Relaxin is a peptide hormone composed of 57 amino acids with a structure similar to that of insulin (Bathgate et al., 2006). Bitto and colleagues noticed that relaxin significantly improved the wound-healing process in obese diabetic mice and effectively induced vascular regeneration by improving the expression of damaged endothelial growth factor (Bonner et al., 2013). A Russian study suggested that relaxin may act as a substitute when insulin is less effective as the receptors of relaxin are expressed in the pancreas, liver and muscle, which is consistent with the distribution of target organs of insulin action (Whittaker et al., 2003; Halls et al., 2007). Previous studies have shown that H3 relaxin plays an important role in diabetic vascular complications. The antifibrotic effect of H3 relaxin in diabetic cardiomyopathy has been confirmed, as has its beneficial effect on diabetic nephropathy (Zhang et al., 2018). Our results focus on another type of diabetic microvascular complication, diabetic retinopathy. In animal models, 14 days of continuous treatment with H3 relaxin significantly reduced retinal inflammation and apoptosis, attenuated the thickening of the basement membrane of the retinal capillary wall, weakened the swelling of endothelial cells and pericytes, and improved the morphology of cellular organelles. The photoreceptors on retinas are sensitive to high concentration of glucose, and the structural modifications precede the vasculopathy in the retinas. (Maisto et al., 2020) In our study, we noticed denatured mitochondria especially in the outer segments of the photoreceptors, as well as at the periphery of cone and rod bodies in the retinas of diabetic mice, and after H3 relaxin or/and treatment, the structural modifications of mitochondria were mildly but not totally improved. It is also reported that the mitochondria were the worst victims among organelles due to the changes in the mitochondrial fusion fission and transport proteins In the retina of diabetic mice (Zhong & Kowluru, 2011; Platania et al., 2019). In vitro experiments demonstrated that H3 relaxin attenuated the expression of the NLRP3 inflammasome in hRMECs stimulated by AGE-BSA and also inhibited the migration, apoptosis and pyroptosis of cells. AGE-BSA at a concentration of 100 µg/ml has little impact on the viability of hRMECs but influences the expression of proteins related to apoptosis and pyroptosis. Images acquired by electron microscopy also showed that the majority of AGE-BSA-induced hRMECs were in the middle stage of apoptosis, with some cells in the late stage of apoptosis. After H3 relaxin treatment, the majority of hRMECs were in the early stage of apoptosis, and pyroptosis was not observed.
MCC950 treatment of hRMECs alleviated the expression of NLRP3 inflammasome, and the migration, apoptosis and pyroptosis were synchronously suppressed. Treatment of hRMECs with a combination of MCC950 and H3 relaxin mildly reduced the expression of proteins related to migration, apoptosis and pyroptosis compared with those in cells treated with the agents separately, however, the mitigation was not complete. This phenomenon may be due to the intermediate role of the NLRP3 inflammasome in the antiapoptotic and antimigratory effects of H3 relaxin; when the NLRP3 inflammasome is partially inhibited, the beneficial effects of H3 relaxin are partially affected and are not completely eliminated. Therefore, treatment with a combination of MCC950 and H3 relaxin did not produce enough synergistic effects.
Our subsequent experiments focused on P2X7R, the upstream signal of the NLRP3 inflammasome. Studies have showed different opinions on how P2X7R contribute to retinal microvascular damage induced by high glucose through inflammatory signals. It is likely supposed that the protective mechanism of P2X7R antagonist are attributed to the inhibition of both infammatory cytokine and VEGF release, resulting in enhanced angiogenesis and vascular permeability, which trigger to the invasion of DR (Clapp et al., 2019). Sugiyama et al. suggested that the activation of P2X7R can increase the vulnerability of retinal microvessels by formating large nonselective transmembrane pores to drive cation fluxes and intensive cell apoptosis in retinal microvascular cells (Sugiyama et al., 2004). However, in subsequent studies, the authors suggested an alternative mechanism. ATP-P2X7R may kill the cells via voltage-dependent Ca2+ channels (VDCC) because pore formation may be decreased by ATP activation of P2Y4R, which still need further discuss (Sugiyama et al., 2005). Our results indicated that AGE-BSA triggered the activation of P2X7R, followed by the activation of the NLRP3 inflammasome in hRMECs. H3 relaxin inhibited the activation of P2X7R induced by AGE-BSA, suggesting that H3 relaxin regulated the activation of the NLRP3 inflammasome through P2X7R under AGE-BSA-stimulated conditions. We found that the inhibition of P2X7R significantly reduced the expression and activation of the NLRP3 inflammasome induced by AGE-BSA, indicating that the initiation of NLRP3 inflammasome activation is dependent on the activation of P2X7R mediated by AGE-BSA. AGE-BSA promoted NLRP3 inflammasome-dependent migration, apoptosis and pyroptosis in hRMECs via the P2X7R pathway. Therefore, we elucidated a novel mechanism of inhibition of P2X7R-mediated activation of the NLRP3 inflammasome by H3 relaxin in the pathogenesis of diabetic retinopathy.
CONCLUSION
In summary, our results illustrated a new mechanism of H3 relaxin-dependent inhibition of retinal injury induced by AGE-BSA via P2X7R-mediated activation of the NLRP3 inflammasome in hRMECs. Therefore, our findings provide new insights into the mechanisms involved in the migration, apoptosis and pyroptosis of hRMECs and demonstrate that H3 relaxin is a potential therapeutic agent for ameliorating the activation of the NLRP3 inflammasome associated with high glucose, especially that in AGE-BSA-induced diabetic retinopathy.
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The inverse relationship of plasma bilirubin levels with liver fat accumulation has prompted the possibility of bilirubin as a therapeutic for non-alcoholic fatty liver disease. Here, we used diet-induced obese mice with non-alcoholic fatty liver disease treated with pegylated bilirubin (bilirubin nanoparticles) or vehicle control to determine the impact on hepatic lipid accumulation. The bilirubin nanoparticles significantly reduced hepatic fat, triglyceride accumulation, de novo lipogenesis, and serum levels of liver dysfunction marker aspartate transaminase and ApoB100 containing very-low-density lipoprotein. The bilirubin nanoparticles improved liver function and activated the hepatic β-oxidation pathway by increasing PPARα and acyl-coenzyme A oxidase 1. The bilirubin nanoparticles also significantly elevated plasma levels of the ketone β-hydroxybutyrate and lowered liver fat accumulation. This study demonstrates that bilirubin nanoparticles induce hepatic fat utilization, raise plasma ketones, and reduce hepatic steatosis, opening new therapeutic avenues for NAFLD.
Keywords: obesity, non-alcoholic fatty liver disease, ketone, ketosis, apolipoprotein, heme oxygenase, HO-1
INTRODUCTION
Obesity is at an all-time high, and this is prevalent worldwide. The tissue overload from lipids in the obese may cause other comorbidities such as non-alcoholic fatty liver disease (NAFLD), insulin-resistant diabetes, cardiovascular disease, and some cancers (John et al., 2016; Lega and Lipscombe, 2020). Therapeutic inventions for reducing obesity are limited, and most increase blood pressure and may further complicate the cardiovascular outcomes. We and others have previously shown that the heme metabolite, bilirubin, reduce fat accumulation and blood glucose levels in obese mice (Dong et al., 2014; Hinds et al., 2014; Liu et al., 2015; Gordon et al., 2016; Hinds et al., 2016; Stec et al., 2016; Hinds et al., 2017; Takei et al., 2019; Stec et al., 2020). Bilirubin offers a promising therapeutic approach as it benefits the cardiovascular system (Hinds and Stec, 2018; Hinds and Stec, 2019) by preventing hypertension (Vera et al., 2009) and improving blood flow (Vera and Stec, 2010). Bilirubin’s actions to reduce lipid accumulation have been attributed to the recent findings that it has a hormonal function by binding directly to the nuclear receptor peroxisome proliferator-activated receptor α (PPARα), which induces gene transcription that promotes fat burning (Gordon et al., 2016; Stec et al., 2016; Gordon et al., 2019).
Not surprisingly, mice with a hepatocyte-specific deletion of PPARα develop hepatic steatosis and NAFLD that is worsened on a high-fat diet (Stec et al., 2019). PPARα induces genes for β-oxidation and fat utilization, which reduces hepatic fat and NAFLD (Burri et al., 2010; Grabacka et al., 2016). During this process, PPARα regulates processes that mediate ketone body production from fatty acid oxidation that increases serum levels of the ketone β-hydroxybutyrate (BOHB) (Kersten et al., 1999; Grabacka et al., 2016). The BOHB is excreted by the liver to the blood and serves as a fuel source for the body other than glucose (Newman and Verdin, 2014a; Newman and Verdin, 2014b). Fat accumulation in the liver suppresses β-oxidation and reduces ketone production lowering plasma BOHB. Mey et al. found that BOHB levels are reduced in humans with obesity-related NAFLD (Mey et al., 2020). While it was not a major conclusion in the paper, they also found that bilirubin levels were lower in patients with NAFLD. Others have shown that plasma bilirubin levels are negatively associated with NAFLD (Hjelkrem et al., 2012; Puri et al., 2013; Salomone et al., 2013). While patients exhibiting mildly elevated bilirubin levels had significantly less NAFLD indicating an inverse relationship (Kwak et al., 2012). These studies suggest that bilirubin and BOHB may be positively correlated; however, no studies have shown that when bilirubin is elevated that BOHB is also higher.
While large-scale population studies have associated the protective effects of plasma bilirubin levels on NAFLD development, translating these findings into therapies to patients has been complicated. One of the main reasons for this difficulty is the lack of formulations of bilirubin that could be administered to human patient populations. Bilirubin is a very hydrophobic molecule and does not dissolve in aqueous solutions easily. This property limits its use in patients because solvents are customarily required to get bilirubin into solutions such as saline and others used. One resolution to this problem is to covalently attach a polyethylene glycol compound to bilirubin to form pegylated bilirubin (PEG-BR) and promote the formation of highly water-soluble bilirubin nanoparticles (Zheng et al., 2019). PEG-BR has been an effective anti-inflammatory and anti-oxidant in several in vivo models (Lee et al., 2016; Kim M. J. et al., 2017). However, its effectiveness as a potential therapeutic for NAFLD has not been evaluated.
Here, we wanted to determine bilirubin’s functionality on obesity-induced hepatic steatosis and NAFLD and determine whether it activates β-oxidation, fat utilization, and BOHB production using bilirubin nanoparticles. We found that hepatic PPARα induced and liver fat content was lower, which correlated with higher plasma BOHB levels and lower serum triglycerides. Our results demonstrate a possible role for bilirubin nanoparticles in the protection against obesity-induced fatty liver disease.
MATERIALS AND METHODS
Animals. The experimental procedures and protocols of this study conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of the University of Mississippi Medical Center. C57BL/6J mice were purchased from Jackson Labs (Bar Harbor, ME, United States) and placed on a 60% high-fat diet (diet #D12492, Research Diets, Inc., New Brunswick, NJ, United States) for 24 weeks with full access to tap water. After this time, mice were randomly assigned to either a treatment group consisting of pegylated bilirubin nanoparticles (30 mg/kg every other day, i.p.) or vehicle (saline) for 4 weeks while continuing on the high-fat diet.
Pegylated bilirubin synthesis. The synthesis of PEG-BR was done at the Research Institute of Pharmaceutical Sciences at the University of Mississippi (Oxford, MS, United States). The PEG-BR was prepared from bilirubin-IX-alpha (Frontier Scientific, Logan, UT, United States) and mPEG2000-NH2 (Sigma-Aldrich, St. Louis, MO, United States) as previously described (Gordon et al., 2016; Lee et al., 2016; Kim M. J. et al., 2017). The size and morphology of PEG-BR were analyzed by transmission electron microscopy (TEM) using a model JEM-2100 (JEOL Ltd., Tokyo, Japan). Purity of the PEG-BR was found to be 95%. PEG-BR was resuspended in saline with slight sonication to dissolve and stored at −20°C in the dark.
Liver composition. Liver composition was measured at the end of the study using magnetic resonance imaging (EchoMRI-900TM, Echo Medical System, Houston, TX, United States). MRI measurements were performed on whole livers placed in a thin-walled plastic cylinder. Liver fat and lean mass were obtained and expressed as a percent of total liver weight.
Liver triglyceride measurement. Triglycrides were measured from 100 mg of liver tissue homogenized in 1 ml of 5% NP-40 in water. Homogenized tissues were then heated to 95°C for 5 min and then centrifuged (13,000 × g) for 2 min. Tissue triglyceride levels were measured using a colorimetric assay kit according to manufactures’ guidelines (Triglyceride Quantification Colorimetric/Fluorometric Kit, BioVision, Milpitas, CA, United States). Tissue triglyceride are expressed as mM. Samples from individual mice were run in duplicate and averaged, and the averages used to obtain group averages.
Liver histology. To determine hepatic differences of the pegylated bilirubin and vehicle treated mice, livers were mounted and frozen in Tissue-Tek O.C.T and sectioned at 10 µm. Hematoxylin and Eosin (H&E) staining were performed as previously described (Hinds et al., 2016; Hinds et al., 2017; Stec et al., 2019). The Oil Red O (CAS Number 1320-06-5, Sigma-Aldrich, St. Louis, MI, United States) staining was performed on 10 µm thick formalin-fixed livers. The livers were stained with freshly prepared Oil Red O working solution 15 min, rinsed with 60% isopropanol, and nuclei stained with alum hematoxylin. Then, slides were rinsed with distilled water and mounted in aqueous mountant and prepared for imaging. The degree of Oil Red O staining was determined at 20× magnification using a color video camera attached to an Olympus VS120 slide scanning microscope (Olympus Corporation, Center Valley, PA, United States). Images were analyzed using the Olympus OlyVIA software. Image J (NIH) was used to quantitate the lipid droplets. Data are presented as the ±SEM of the Oil Red O staining for each group.
AST/ALT measurements. Plasma alanine transaminase (ALT) and aspartate transaminase (AST) were measured using a Vet Axcel serum chemistry analyzer (AlfaWassermann, West Caldwell, NJ, United States) from 30 μL of plasma. Samples were measured in duplicate with standards supplied by the manufacturer. Data are presented as Units (U)/L.
Quantitative Real-Time PCR Analysis. Total RNA was harvested from the animals by lysing livers using a Qiagen Tissue Lyser LT (Qiagen Inc., Germantown, MD, United States) and then extraction by 5-Prime PerfectPure RNA Tissue Kit (Thermo Fisher Scientific, Wilmington, DE, United States). Total RNA was read on a NanoDrop 2,000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, United States) and cDNA was synthesized using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, United States). PCR amplification of the cDNA was performed by quantitative real-time PCR using TrueAmp SYBR Green qPCR SuperMix (Alkali Scientific, Fort Lauderdale, FL, United States) for gene-specific primers as previously described (Hinds et al., 2011; Hinds et al., 2014; Hinds et al., 2016; Marino et al., 2016; Stec et al., 2016; Hinds et al., 2017). The thermocycling protocol consisted of 5 min at 95°C, 40 cycles of 15 s at 95°C, and 30 s at 60°C, finished with a melting curve ranging from 60 to 95°C to allow distinction of specific products. Normalization was performed in separate reactions with primers to GAPDH.
Gel Electrophoresis and Western Blotting—Mouse tissues were flash frozen in liquid nitrogen during harvesting and stored at −80°C. For gel electrophoresis, 50–100 mg of cut tissue was then resuspended in three volumes of CelLytic Buffer (Sigma-Aldrich, St. Louis, MO, United States, Cat No. C3228) plus 10% protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, United States, Cat No. P2714-1BTL) and Halt phosphatase inhibitor cocktail (Thermo Fisher Scientific, Wilmington, DE, United States, Cat No. PI78420), and then incubated on ice for 30 min. The livers were lyzed using a Qiagen Tissue Lyser LT (Qiagen Inc., Germantown, MD, United States) and then centrifuged at 100,000 × g at 4°C. Protein samples were resolved by SDS polyacrylamide gel electrophoresis and electrophoretically transferred to Immobilon-FL membranes. Membranes were blocked at room temperature for 2 h in TBS (10 mM Tris-HCl (pH 7.4) and 150 mM NaCl) containing 3% BSA. Subsequently, the membranes were incubated overnight at 4°C with the following antibodies: ACOX1 (Santa Cruz Biotechnology, Santa Cruz, CA, sc-98499), fatty acid synthase (FAS) (Cell Signaling Technology, Danvers, MA, United States, Cat No. 3180S), SCD1(Cell Signaling Technology, Danvers, MA, United States, Cat No. 2794S), or heat shock protein 90 (HSP90) (Santa Cruz, sc-13119). After three washes in TBS + 0.1% Tween 20, the membrane was incubated with an infrared anti-rabbit (IRDye 800, green) or anti-mouse (IRDye 680, red) secondary antibody labeled with IRDye infrared dye (LI-COR Biosciences) (1:10,000 dilution in TBS) for 2 h at 4°C. Immunoreactivity was visualized and quantified by infrared scanning in the Odyssey system (LI-COR Biosciences).
Analysis of plasma lipids and metabolites. Plasma lipids and metabolites were measured in mice following an 8 h fast by nuclear magnetic resonance (NMR) spectroscopy as part of the Bruker IVDr platform (Bruker Scientific LLC, Billerica, MA, United States), as previously described (Stec et al., 2019). Plasma samples (50 μL) were combined with 150 μL of buffer supplied by Bruker Biospin specifically for the IVDr protocol and were analyzed according to the Bruker In-Vitro Diagnostics research (IVDr) protocol. Lipoprotein subclass analysis was performed using regression analysis of the NMR data as previously described (Stec et al., 2019).
Statistics. All bar graph data are presented as mean ± S.E.M. Box and whisker plots display whiskers from the minimum or maximum, with a vertical line in the box to indicate the median. Differences between treatment groups were determined using student t-test or one-way analysis of variance with a post hoc test (Dunnett’s). A p < 0.05 was considered to be significant. All analyses were performed with GraphPad Prism eight software (GraphPad Software, Inc., San Diego, CA).
RESULTS
Bilirubin has almost exclusively been correlated with liver dysfunction. The recent findings that bilirubin is inversely associated with NAFLD (Jang, 2012; Kwak et al., 2012) and that a mouse model of Gilbert’s syndrome with hyperbilirubinemia were resistant to hepatic steatosis (Hinds et al., 2017), has provided new insights into its function. We wanted to determine if bilirubin nanoparticles (pegylated bilirubin) that we and others have recently described (Gordon et al., 2016; Lee et al., 2016; Kim et al., 2017a; Kim M. J. et al., 2017; Lee et al., 2019) could improve hepatic steatosis in an obese mouse model. As previously described (Gordon et al., 2016), we put mice on a high-fat diet (HFD) for 24 weeks and then treated for 4-weeks with PEG-BR or vehicle while maintaining them on a HFD. The obese mice’s body weights at the 24-weeks point were comparable, with the starting weight of the mice over 50 g for each group (55.7 ± 4.1 g Vehicle vs. 53.4 ± 2.6 PEG-BR treated) (p = 0.2823). After the 4-weeks treatment, the plasma bilirubin levels were increased in the PEG-BR treated (0.45 ± 0.08 mg/dl) compared to the vehicle (0.13 ± 0.05 mg/dl) (p < 0.0001). After the 4-weeks PEG-BR and vehicle treatments, the percent body weight change was greater in the vehicle but not the PEG-BR (103.4% ± 2.5 for vehicle and 96.3% ± 2.7 for PEG-BR) (p = 0.0058). The PEG-BR group had a 7% reduction in body weight gain compared to the vehicle treated animals. There was no difference between the groups for the liver weight (Figure 1A). The liver to body weight ratio was 0.056 ± 0.004 vs. 0.055 ± 0.004 g/g Vehicle vs. PEG-BR treated. However, percent liver fat measured by echoMRI, liver triglycerides, and lipid Oil Red O staining all showed less fat accumulation in the PEG-BR treated animals compared to vehicle (Figures 1B–D).
[image: Figure 1]FIGURE 1 | Bilirubin nanoparticles reduce hepatic fat content. Liver weight (g) (A), percent liver fat as determined by EchoMRI (B), hepatic triglycerides (mM) (C), and hepatic Oil Red O staining (D) in vehicle (VEH) and pegylated bilirubin (PEG-BR) treated mice. White scale bar = 100 μm. * = p < 0.05 vs. VEH; ** = p < 0.01 vs. VEH; (VEH, n = 5 and PEG-BR, n = 6).
To better understand how the bilirubin nanoparticles impact hepatic function, the livers from both groups of mice were analyzed by hematoxylin and eosin (H&E) staining for observable differences in treated animals and hepatic dysfunction biomarkers. The H&E staining revealed that the VEH treated animals possibly had inflammation, which were found to be lower in the PEG-BR treated group (Figure 2A). This was paralleled with pro-inflammatory gene Tnfa, in that PEG-BR significantly (p < 0.01) reduced expression compared to VEH (Figure 2B). We measured plasma levels of hepatic dysfunction markers alanine transaminase (ALT) and aspartate transaminase (AST) before (pre-treatment) treatment and after the study was completed (post-treatment). There were no differences in AST or ALT levels at the beginning of the study (Figure 2C). However, post-treatment, the AST levels were significantly (p < 0.001) reduced with PEG-BR compared to VEH groups. The ALT level was also reduced with PEG-BR was not reduced but showed a trend toward reduction that did not reach statistical significance. Overall, these data demonstrate that PEG-BR improved hepatic function and reduced inflammation.
[image: Figure 2]FIGURE 2 | Bilirubin nanoparticles improve hepatic function and inflammation in obese mice. Hematoxylin and eosin (H&E) staining in vehicle (VEH) and pegylated bilirubin (PEG-BR) treated mice (A). Real-time PCR expression of hepatic tumor necrosis factor alpha (Tnfa) (B); ** = p < 0.001 vs. VEH; (VEH, n = 4 and PEG-BR, n = 4). Liver dysfunction markers alanine transaminase (ALT) and aspartate transaminase (AST) plasma levels were measured at the beginning (pre-treatment) of the study and after the 4-weeks treatment was completed (post-treatment); ** = p < 0.01 vs. VEH; (VEH, n = 5 and PEG-BR, n = 6).
Next, we determined how PEG-BR treatments affect plasma metabolites of amino acids by NMR spectroscopy using the Bruker IVDr platform. We found no significant differences in amino acids measured in the plasma of the PEG-BR or vehicle-treated groups (Figure 3A). Exercise and fat burning metabolites lactic acid, acetic acid, formic acid, and β-hydroxybutyrate (3-hydroxybutyric acid) were measured in the two groups. Analysis showed that only elevated plasma BOHB levels had a significant (p < 0.05) difference for PEG-BR treated compared to the vehicle groups (Figure 3B). There were no differences between the lactic acid, formic acid, citric acid, and acetic acid between the groups. The PEG-BR reduces hepatic lipids possibly by inducing β-oxidation, which provide metabolites for ketone production. Therefore, we measured known mediators that regulate fatty acid β-oxidation, such as PPARα and target genes. PPARα (Ppara) mRNA expression was increased in the PEG-BR treated animals compared to the vehicle group (Figure 4A). Huang et al. showed that sustained activation of PPARα by endogenous ligands in obese mice increases the rate-limiting mediator of β-oxidation, Acox1 (Vluggens et al., 2010), and p450 Cyp4a pathways (Hirai et al., 2007; Huang et al., 2012). Here, we also found that Acox1 and cytochrome P450 Cyp4a12 (Figures 4B,C) were significantly (p < 0.05) higher in the PEG-BR compared to vehicle-treated animals. Also, the PPARα-target genes for long-chain fatty acid transporters FATP1 (gene Slc27a1) and FATP2 (gene Slc27a2) (Hirai et al., 2007), were significantly increased in the PEG-BR treated mice compared to vehicle (Figures 4D,E). The lipogenesis gene, Scd1, was significantly (p < 0.01) reduced with PEG-BR (Figure 4F). Immunoblotting of ACOX1 showed that the protein was significantly (p = 0.0137) higher in the PEG-BR treated animals compared to the vehicle (Figure 4G). The de novo lipogenesis proteins fatty acid synthase (FAS) and stearoyl-Coenzyme A desaturase 1 (SCD1) were significantly (p < 0.05 and p < 0.0001, respectively) reduced with PEG-BR compared to vehicle treatments. These indicate that PEG-BR enhances fatty acid uptake and lipid utilization for hepatic β-oxidation increasing plasma BOHB and inhibits de novo lipogenesis, improving fatty liver.
[image: Figure 3]FIGURE 3 | Plasma metabolites in bilirubin nanoparticles and vehicle treated obese mice. Pie chart and bar graphs of plasma amino acids in vehicle and pegylated bilirubin treated mice (A). Pie chart and bar graphs of plasma carboxylic and keto acids in vehicle and pegylated bilirubin treated mice (B). * = p < 0.05 vs. VEH; (VEH, n = 3 and PEG-BR, n = 4–5).
[image: Figure 4]FIGURE 4 | Hepatic PPARα and target gene expression in bilirubin nanoparticle and vehicle treated obese mice. Real-time PCR expression of hepatic PPARα (Ppara) (A) and target genes, acyl-Coenzyme A oxidase 1 (Acox1) (B); cytochrome P450, family 4, subfamily a, polypeptide 12a (Cyp4a12) (C); FATP1, solute carrier family 27 member 1 (Slc27a1) (D); and, FATP2, solute carrier family 27 member 2 (Slc27a2) (E); stearoyl-Coenzyme A desaturase 1 (Scd1) (F) in vehicle and pegylated bilirubin treated mice. * = p < 0.05 vs. VEH; ** = p < 0.001 vs. VEH. (VEH, n = 5 and PEG-BR, n = 6). (G) Immunoblotting of acyl-Coenzyme A oxidase 1 (ACOX1), fatty acid synthase (FAS), stearoyl-Coenzyme A desaturase 1 (SCD1), and heat shock protein 90 (HSP90) in vehicle and pegylated bilirubin treated mice. * = p < 0.05; ****=<0.0001 vs. VEH; (VEH, n = 5 and PEG-BR, n = 5).
We have previously shown that mice with a hepatocyte-specific deletion of PPARα (PparaHepKO) had worsened hepatic steatosis on a HFD that also caused significantly higher plasma triglycerides and ApoB100 levels (Stec et al., 2019). PEG-BR did not change in plasma total ApoB100 levels (Figure 5A). However, PEG-BR significantly reduced the ApoB100 containing very-low-density lipoproteins (VLDL) but not ApoB100 containing low-density lipoproteins (LDL) particles (Figures 5B,C). We had shown in the PparaHepKO on HFD that had higher ApoB100 in plasma than floxed control, and that this was also correlated with reduced hepatic microsomal triglyceride transfer protein (Mttp) expression (Stec et al., 2019). ApoB100 and the Mttp are essential for excretion of the VLDL molecule from the liver (Chen et al., 2008). Here, we found that PEG-BR induced Mttp expression but not ApoB (Figure 5D). The serum ApoB-VLDL, triglycerides, and VLDL cholesterol were significantly (p < 0.05) lower in the PEG-BR compared to vehicle treated animals (Figures 6A,B). The triglyceride distribution panel for VLTG, IDTG, LDTG, and HDTG showed no sigificant differences, and this was also observed for the VLDL, LDL, and HDL triglyceride subfractions (Supplementary Figure S1). There was no change in total cholesterol, HDL cholesterol, or LDL cholesterol levels (Figures 6C–E). This was also observed in the cholesterol and free cholesterol distribution and HDL, LDL, and VLDL cholesterol subfractions (Supplementary Figures S2, S3). Also, lipoproteins ApoA1 and ApoA2 that remove cholesterol from peripheral tissues had no difference between the treated groups (Figures 7A,B). This was also observed in the ApoA1 and ApoA2 distribution profiles (Supplementary Figure S4). Overall, treatment of PEG-BR in obese mice improved the hepatic steatosis potentially by utilizing fat for β-oxidation, increasing fatty acid uptake, reducing plasma ApoB-VLDL and triglycerides (Figure 8).
[image: Figure 5]FIGURE 5 | Apolipoprotein B levels in bilirubin nanoparticle and vehicle treated obese mice. Plasma apolipoprotein B levels in vehicle and pegylated bilirubin treated mice (A). Plasma apolipoprotein B-Very-low-density lipoprotein (ApoB-VLDL) (B). Plasma apolipoprotein B-low-density lipoprotein (ApoB-LDL) (C); * = p < 0.05 vs. VEH; (VEH, n = 4 and PEG-BR, n = 5). (D) Real time PCR of hepatic apolipoprotein B (Apob) and Microsomal Triglyceride Transfer Protein (Mttp) mRNA in vehicle and pegylated bilirubin treated mice. * = p < 0.05; **=<0.01 vs. VEH; (VEH, n = 5 and PEG-BR, n = 6).
[image: Figure 6]FIGURE 6 | Plasma triglyceride and cholesterol levels in bilirubin nanoparticle and vehicle treated obese mice. Plasma triglycerides (A), very-low-density lipoprotein (VLDL) cholesterol (B), total cholesterol (C), high-density lipoprotein (HDL) cholesterol (D), low-density lipoprotein (LDL) cholesterol (E) in vehicle and pegylated bilirubin treated mice. * = p < 0.05 vs. VEH; (VEH, n = 4 and PEG-BR, n = 5).
[image: Figure 7]FIGURE 7 | Apolipoprotein A levels in bilirubin nanoparticle and vehicle treated obese mice. Plasma apolipoprotein A1 (ApoA1) (A) and apolipoprotein A2 (ApoA2) (B) levels in vehicle and pegylated bilirubin treated mice. (VEH, n = 4 and PEG-BR, n = 5).
[image: Figure 8]FIGURE 8 | Schematic diagram of the proposed pathway by which bilirubin reduces hepatic steatosis. Bilirubin serves as a ligand to the peroxisome proliferator-activated receptor-alpha (PPARα), which increases transcription of genes for β-oxidation of fatty acids (acyl-Coenzyme A oxidase 1, ACOX1) resulting in metabolites that elevate hepatic production of the ketone β-hydroxybutyrate (BOHB), which is secreted to blood increasing levels. Bilirubin activated PPARα also stimulates hepatic fatty acid transport protein (FATP) that imports lipids to reduce blood levels and inhibits stearoyl-Coenzyme A desaturase 1 (SCD1) and fatty acid synthase (FAS) to inhibit de novo lipogenesis. Together, the bilirubin-PPARα controlled pathways decrease the hepatic secretion of apolipoprotein B100 (ApoB100) containing very-low-density lipoproteins (VLDL) that increase blood triglyceride levels.
DISCUSSION
The novel finding in our studies is that PEG-BR (bilirubin nanoparticles) improved NAFLD, which is potentially due to fat-burning mechanisms, as demonstrated by reduced hepatic triglyceride content, changes in gene expression in line with increased fat utilization and β-oxidation, and increased plasma levels of BHOB. Based on our current data and previous studies clearly demonstrating the induction of PPARα by bilirubin and bilirubin nanoparticles, it is likely that the effects on hepatic steatosis are at least in part mediated via PPARα regulated mechanisms. These are the first findings that PEG-BR increases plasma concentrations of BHOB. We have previously shown that bilirubin binds directly to PPARα (Gordon et al., 2016; Stec et al., 2016; Gordon et al., 2019), which is a known regulator of fatty acid β-oxidation (Hirai et al., 2007; Huang et al., 2012; Stec et al., 2019) that supplies the substrates for BOHB production (Kersten et al., 1999; Grabacka et al., 2016). Patients with NAFLD have lower plasma levels of BHOB (Mey et al., 2020), which is likely due to the activation of lipogenic pathways such as FAS or Scd1 that transcribes the stearoyl-CoA desaturase-1 (SCD1) enzyme that forms fatty acids and lipid synthesis (Sampath et al., 2007; Flowers and Ntambi, 2009). A deficiency in SCD1 in mice protects against weight gain and adiposity (Ntambi et al., 2002). Activation of these pathways induces de novo lipogenesis for the synthesis of fat, causing the accumulation of lipids shutting down the β-oxidation fat burning mechanisms.
We had previously shown that mice with the Gilbert’s mutation UGT1A1*28 and hyperbilirubinemia were resistant to high-fat diet-induced hepatic steatosis by inhibiting de novo lipogenesis and activation of β-oxidation (Hinds et al., 2017). We have also shown that exercise elevated plasma bilirubin by suppressing hepatic UGT1A1 and increasing biliverdin reductase-A (BVRA) (Hinds et al., 2020), the enzyme that generates bilirubin (Adeosun et al., 2018; O’Brien et al., 2015), which improved hepatic glycogen storage and PPARα target genes (Hinds et al., 2020). Here, we found that PEG-BR reduced SCD1 and FAS while activating PPARα and ACOX1, improving hepatic steatosis in obese mice. We have also previously demonstrated that mice with a hepatocyte-specific loss of BVRA had worsened hepatic steatosis on a HFD compared to floxed control due to lower hepatic bilirubin levels (Hinds et al., 2016). We found that these mice had higher hepatic de novo lipogenesis and reduced β-oxidation via lessor bilirubin-PPARα activity. Later, a similar observation was made using murine hepatocyte cell culture with CRISPR/Cas9 deletion of BVRA (Gordon et al., 2019). Mildly elevated plasma bilirubin in obese patients may improve fatty liver and related adverse metabolic parameters such as high cholesterol or triglycerides. In line with a study by Wallner et al. that found humans with hyperbilirubinemia due to Gilbert syndrome have reduced serum cholesterol and triglycerides, we also showed that PEG-BR reduced VLDL cholesterol but not triglycerides (Wallner et al., 2013).
Weight gain and obesity are associated with increased plasma ApoB100 and triglyceride levels partly due to an greater in hepatic VLDL release (Chen et al., 2008; Fabbrini et al., 2016; Vine et al., 2017). PEG-BR treatment in the obese mice reduced plasma triglycerides and VLDL cholesterol, but no effect on total cholesterol levels or HDL and LDL was observed. However, the total cholesterol was slightly lower and HDL higher. The PEG-BR had a similar impact on ApoA-1 and ApoA-2 plasma levels with no changes, but a trend to increase ApoA-1 was observed. We previously showed that mice with a hepatocyte-specific deletion of PPARα (PparaHepKO) on a HFD had no changes in serum cholesterol, HDL, LDL, or ApoA proteins (Stec et al., 2019). However, the PparaHepKO mice on a HFD did have higher plasma triglycerides and ApoB100 levels compared to floxed animals (Stec et al., 2019). The PEG-BR activation of PPARα in obese mice reduced ApoB100 containing VLDL particles in serum, but no effect was observed on Apob mRNA expression in the liver. We showed that PPARα in the liver had no impact on Apob expression as the hepatic loss in the PparaHepKO mice on normal chow diet (NFD) or HFD showed no differences (Stec et al., 2019). The hepatic microsomal triglyceride transfer protein (Mttp) assists ApoB100 for excretion of the VLDL molecule from the liver (Chen et al., 2008). PEG-BR treated animals had higher Mttp levels compared to control. We also found that Mttp levels were low in PparaHepKO mice, suggesting that Mttp is regulated via PPARα (Stec et al., 2019).
Previous studies have shown a negative correlation between serum total bilirubin levels and blood triglyceride levels (Zhong et al., 2017; Petelin et al., 2020). Interestingly, in obese patients with low serum total bilirubin and higher triglycerides than lean control with bariatric surgery increased plasma bilirubin by two-fold and reduced triglycerides by 50% (Bawahab et al., 2017), illustrating the potential role of bilirubin in triglyceride metabolism. However, these are yet to be tested. Ligands for PPARα effectively reduce plasma triglyceride levels (Srivastava et al., 2006), and plasma ApoB100 containing VLDL (Linden et al., 2002). The bilirubin nanoparticles may be a useful therapy for patients with hypertriglyceridemia. Part of the action of the PEG-BR may be in the reduction of SCD1, which is important for de novo production of saturated fatty acids that are contained in ApoB100 VLDL particles (Miyazaki et al., 2000; Flowers and Ntambi, 2009). ApoB100 is a critical component of the VLDL particle that is essential for excretion from the liver (Chen et al., 2008), which carries mostly triglycerides and some cholesterol out of the liver to the blood. The PEG-BR decreased de novo lipogenesis and increased fat-burning β-oxidation, the latter which provides metabolites for ketone production and secretion of BOHB (Newman and Verdin, 2014b). These findings show a possible role of the bilirubin-PPARα interaction in ketosis, but this has yet to be determined. We have previously used the obesity-induced model with PEG-BR treatments and observed effects on whole-body metabolism (lower plasma glucose and percent fat mass), which could be interrelated to the effects observed in the liver (Gordon et al., 2016).
There is an intriguing accord for BOHB, PPARα, and bilirubin, as they seem to have a metabolic axis that works in concert to control hepatic fat accumulation. The finding that bilirubin may induce the PPARα pathway and increase BHOB production to control hepatic steatosis needs validated by clinical studies. Also, the bilirubin nanoparticles should be used in PPARα knockout mice, preferably tissue-specific KOs, to further validate their mechanisms. Bilirubin is a well-known and highly studied molecule that has been known for centuries as a toxic bile substance, as observed in cases with extremely elevated plasma bilirubin, especially in its unconjugated form, such as that seen with Crigler-Najjar syndrome. Our investigation here posits that bilirubin and the PEG-BR nanoparticle may improve metabolic action and liver function, primarily by reducing liver fat accumulation and NAFLD. We have previously shown that PEG-BR reduced white adipocyte size in obese mice by stimulating PPARα transcriptional activity via regulating its’ coregulator protein interaction (Gordon et al., 2016). Others have shown that the bilirubin nanoparticles protect against hepatic ischemia-reperfusion injury (Kim et al., 2017a), inflammatory lung disease (Kim D. E. et al., 2017), colitis and gut microbiome (Lee et al., 2019), and pancreatic islet xenotransplantation (Kim M. J. et al., 2017). There is promise in bilirubin nanoparticles as a therapeutic, and bilirubin is protective of the cardiovascular system (Hinds and Stec, 2018; Hinds and Stec, 2019) by improving blood pressure (Vera et al., 2009) and renal blood flow (Vera and Stec, 2010). Total bilirubin serum levels were negatively associated with cerebral atherosclerosis, and higher levels had less incidence of extracranial arterial stenosis (ECAS) and intracranial arterial stenosis (ICAS) (Kim et al., 2017b). The protective action of bilirubin may be related to its ability to lower plasma triglycerides, increase fat utilization, promote liver function, and enhance the production of ketones. More studies are required to fully understand the use of bilirubin and bilirubin nanoparticles as a therapeutic for NAFLD and metabolic and cardiovascular disorders.
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Current clinical evidences suggest that circulating Adipokines such as Adiponectin can influence the ratio of orthodontic tooth movement. We aimed to investigate the effect that Adiponectin has on cementoblasts (OCCM-30) and on the intracellular signaling molecules of Mitogen-activated protein kinase (MAPK). We demonstrated that OCCM-30 cells express AdipoR1 and AdipoR2. Alizarin Red S staining revealed that Adiponectin increases mineralized nodule formation and quantitative AP activity in a dose-dependent manner. Adiponectin up-regulates the mRNA levels of AP, BSP, OCN, OPG, Runx-2 as well as F-Spondin. Adiponectin also increases the migration and proliferation of OCCM-30 cells. Moreover, Adiponectin induces a transient activation of JNK, P38, ERK1/2 and promotes the phosphorylation of STAT1 and STAT3. The activation of Adiponectin-mediated migration and proliferation was attenuated after pharmacological inhibition of P38, ERK1/2 and JNK in different degrees, whereas mineralization was facilitated by MAPK inhibition in varying degrees. Based on our results, Adiponectin favorably affect OCCM-30 cell migration, proliferation as well as cementogenesis. One of the underlying mechanisms is the activation of MAPK signaling pathway.
Keywords: adiponectin, cementoblasts, migration, proliferation, cementogenesis, MAPK
INTRODUCTION
The periodontium consists of the gingiva, periodontal ligament, root cementum and alveolar bone (Park et al., 2017). Cementum, a heterogeneous mineralized layer covering the entire root dentin surface, anchors fibrous connective tissues on tooth-root surfaces (Caverzasio and Manen, 2007). As a special mineralized tissue, cementum has a similar composition to bone, consisting of approximately 61% mineralized as well as 27% organic matrix and 12% water (Nanci and Bosshardt, 2006).
Cementoblasts are highly differentiated mesenchymal cells of the periodontal ligament (PDL) with the capacity to build up cementum (Arzate et al., 2015). The cementum matrix is composed of collagenous proteins and non-collagenous proteins such as Bone Sialoprotein (BSP), Osteopontin (OPN), Osteocalcin (OCN), Osteoprotegerin (OPG), Fibronectin, Osteonectin and several growth factors (Saygin et al., 2000).
It has been demonstrated that Adipocytokines, which are mainly secreted by adipose tissue, can influence bone metabolism (Funahashi et al., 1999). Adiponectin, which is produced by adipocytes but also by salivary gland epithelial cells, has been shown to modulate metabolic and immune functions of salivary gland epithelial cell (Katsiougiannis et al., 2006).
Two Adiponectin receptor (AdipoRs) subtypes (Adiponectin receptor 1 and 2 (AdipoR1 and AdipoR2)), expressed on various tissues and cells such as human gingival fibroblasts and PDL cells (Yamauchi et al., 2003a) mediate the biological effects of Adiponectin. Yamaguchi et al. (2012) showed that the AdipoRs were ubiquitously expressed in the oral tissues of mice such as gingiva, tongue, buccal mucosa and labial mucosa, as well as in RAW24 cells (Yamauchi et al., 2012). Both AdipoRs exert similar effects but have individual signaling preferences. Whereas phosphorylation of Extracellular Regulated Kinase 1/2 (ERK1/2) may depend on both receptors, AdipoR1 is more prominent in AMP-activated protein kinase (AMPK) phosphorylation, and AdipoR2 is involved in PPAR-α activation in muscle cells (Buechler et al., 2010). AdipoR1 and AdipoR2 have been identified in the plasma membrane (Yamauchi et al., 2003b) as well as in the cytoplasm (cytoplasmic puncta) (Ding et al., 2009).
In-vivo, Adiponectin secretion is regulated by the degree of obesity (Carbone et al., 2012). Its secretion is inversely proportional to the amount of adipose tissue (Swarbrick and Havel, 2008; Benedix et al., 2011; de Carvalho et al., 2017). It has been shown that patients with type 2 diabetes and obesity have lower serum Adiponectin levels than normal weight individuals (Cao et al., 2015). Furthermore, clinical studies have analyzed the relationship between the body mass index (BMI) and salivary Adiponectin levels (Mamali et al., 2012; Nigro et al., 2015) and found a trend toward slightly higher expression of salivary Adiponectin in obese patients than in controls, however they could not show a statistic significance between groups, whereas they previously reported that Adiponectin serum levels are reduced in obese patients compared to healthy controls. Also, patients with severe periodontitis had lower Adiponectin- and AdipoRs-levels than healthy subjects (Saito et al., 2008; Yamaguchi et al., 2010).
Recent studies revealed that local submucosal injection of Adiponectin prevented experimental orthodontic tooth movement in rats (Haugen et al., 2017). The data suggested that Adiponectin is involved in the homeostasis of periodontal tissues and thus might influence orthodontic treatment.
It has been demonstrated that Adiponectin and its receptors are also expressed in bone marrow-derived osteoblasts and adipocytes (Seo et al., 2004), suggesting that Adiponectin may play a role in bone metabolism (Chen et al., 2013). Considering the multifunctional role of Adiponectin, it seems possible that it may have functional characteristics in cementoblasts similar to that in other mineralized tissue-forming cells such as osteoblasts (Seo et al., 2004).
Since fat mass may impact peripheral bone formation, it may be one of the critical factors for orthodontic tooth movement rate and orthodontically-induced tooth root resorption. Adipocyte-derived hormones such as Adiponectin may contribute to this relationship. To date, the physiological effect of Adiponectin on cementoblasts has not been elucidated. The decreased levels of Adiponectin, as found in obese individuals, might be a critical pathomechanistic link. Therefore, the present study was undertaken to investigate the effect of Adiponectin on OCCM-30 cells in vitro.
MATERIALS AND METHODS
Cell Culture and Reagents
The OCCM-30 cementoblast cell line was kindly provided by Prof. M. Somerman (NIH, NIDCR, Bethesda, MA) and cultured as previously described (D’Errico et al., 2000). Briefly, cells were maintained in α-MEM (11095-080, Gibco) containing 10% Fetal Bovine Serum (FBS) (10270-106, Gibco) and 1% Penicillin/Streptomycin (15140-122, Gibco) and incubated in a humidified atmosphere of 5% CO2 at 37°C. The cells were seeded into 6-well plates (657160, Greiner Bio-one) at a density of 3 × 104 cells/well until confluence. The cells used were between passages 3 and 7. To induce cementogenesis, the cell culture medium was supplemented with 10 mM β-Glycerophosphate (#35675, Calbiochem) and 50 μg/ml Ascorbic Acid (6288.1, Roth).
Cells were stimulated using different concentrations of mouse Adiponectin/Acrp30/ADIPOQ protein (His Tag) from Sino Biological Inc. (Cat. No: 50636-M08H). Purity > 95% (Determined by SDS-PAGE). Endotoxin < 1.0 EU/μg (Determined by the LAL method). Protein construction: The DNA sequence encoding mouse ADIPOQ (NP_033735.3) (Met 1-Asn 247) was expressed with a C-terminal polyhistidine tag. Expression Host: HEK 293 cells. Formulation: Lyophilized from sterile PBS, pH 7.4, 5% Trehalose, 5% Mannitol, 0.01% Tween-80. The protein was reconstituted following manufacturer indications to a stock solution of 0.25 mg/ml in sterile water and stored at −20°C. The MAPK inhibitor for P38 (SB203580) (#tlrl-sb20, InvivoGen), the ERK1/2 inhibitor (FR180204) (#328007, Calbiochem) and the JNK inhibitor (SP600125) (#tlrl-sp60, InvivoGen) were used.
Quantitative Real-Time Reverse Transcriptase-Polymerase Chain Reaction
Cells were kept overnight in starvation medium (α-MEM (11095-080, Gibco) containing 0.5% FBS (10270-106, Gibco) and 1% Penicillin/Streptomycin (15140-122, Gibco)). Further, 100 ng/ml Adiponectin (50636-M08H, Sino Biological Inc.) were added for indicated time periods: 0, 45 min, 1.5 and 3 h. Then, total RNA was isolated using the NucleoSpin® RNA Kit (740955.50, MACHEREY-NAGEL). RNA concentrations were measured at 260 nm using a spectrophotometer (Nanodrop2000, Thermo Scientific). cDNA was synthesized from 1.0 μg of total RNA using the InnuSCRIPT Reverse Transcriptase kit (845-RT-6000100, Analytik Jena) and performed on CFX96TM System Cycler (Bio-Rad).
The SsoAdvancedTM Universal SYBR@ Green Supermix (1723271, Bio-Rad) was used in each reaction setup. The primers employed were: Mouse AdipoR1&2 (qMmuCID0023619, qMmuCID0010157), AP (qMmuCED0003797), BSP (qMmuCID0006396), OCN (qMmuCED0041364), OPG (qMmuCID0005205), Runx-2 (qMmuCID0005205) and F-Spondin (qMmuCED0049433) all from Bio-Rad. GAPDH (qMmuCED0027497, Bio-Rad) was used as housekeeping gene. Results were analyzed using the Bio-Rad CFX Manager 3.1 software.
Protein Extraction and Western Blot Analysis
RIPA buffer (89901, Thermo Scientific) supplied with 3% protease inhibitor (78442, Thermo Scientific) was used for protein extraction. Protein concentrations were measured using PierceTM BCA Protein Assay Kit (23225, Thermo Scientific) on direct reading Spectrophotometer (DR/2000, HACH). Further, 20 µg protein samples were separated using 10% SDS-PAGE gel by electrophoresis and transferred to a nitrocellulose membrane (1704271, Bio-Rad). The membranes were blocked with 5% non-fat milk (T145.1, ROTH) for 1 h and incubated with the primary antibodies for Adiponectin Receptor 1 (ab70362, Abcam); Adiponectin Receptor 2 (ab77612, Abcam); ERK1/2 (MBS8241746, BIOZOL); phospho-ERK1/2 (44-680G, Thermo-Fisher); P54/P46 JNK (#9252, Cell Signaling Technology), phospho-JNK (07-175, Thermo-Fisher); P38 MAPK (#9212, Cell Signaling Technology); phospho-P38 MAPK Alpha (#4511, Cell Signaling Technology), STAT1 (AHP2527, Bio-Rad); phospho-STAT1 Tyr701 (05-1064, Thermo-Fisher); phospho-STAT1 S727 (ab109461, Abcam); STAT3 (PA1-86605, Thermo-Fisher); phospho-STAT3 S727 (OPA1-03007, Thermo-Fisher), and β-actin (ab8227, Abcam) at a concentration of 1:1,000. The secondary antibodies employed were: Polyclonal Goat Anti-Rabbit (P0448, Dako); Rabbit Anti-Goat (P0160, Dako) and Polyclonal Goat Anti-Mouse (P0447, Dako) at a concentration of 1:2000. The band signals were detected with X-ray Amersham Hyperfilm (28906836, GE Healthcare) utilizing Amersham ECL Western Blotting Detection Reagents (9838243, GE Healthcare) and visualized using OPTIMAX X-Ray Film Processor (11701-9806-3716, PROTEC GmbH).
Immunofluorescence Staining
OCCM-30 cells were cultured overnight on sterile Falcon™ Chambered Cell Culture Slides (354108, Fisher Scientific) and further fixed with 4% paraformaldehyde (30525-89-4, Sigma-Aldrich) for 10 min at room temperature. Cells were permeabilized with 0.5% Triton™ X-100 Surfact-Amps™ Detergent Solution (28313, Thermo-Fisher) for 20 min. Then, cells were incubated in blocking buffer containing 10% goat serum, 0.3 M glycine, 1% BSA (071M8410, Sigma) and 0.1% Tween-20 (P1379, Sigma-Aldrich) for 30 min at room temperature and further incubated with primary antibodies AdipoR1 (ab70362, Abcam) (dilution 1:250) or AdipoR2 (ab77612, Abcam) (dilution 1:250) at 4°C overnight. The secondary antibodies DyLight 488 polyclonal goat anti-rabbit (ab96899, Abcam) (dilution 1:500) or donkey anti-goat Alexa Fluor 647 (ab150131, Abcam) (dilution 1:500) conjugated to fluorescein isothiocyanate were used. After washing with 1× phosphate-buffered saline (PBS) (10010023, Thermo-Fisher), samples were mounted using a fluorescent Mounting Medium with DAPI (ab104139, Abcam). Staining was analyzed using a high-resolution fluorescence microscope (Leica Microsystems, Wetzlar, Germany) and photographed.
Cell Migration Assay
OCCM-30 cells were plated at a density of 8 × 103 cells/well in 6-well plates (657160, Greiner Bio-one), in α-MEM (11095-080, Gibco) containing 10% FBS (10270-106, Gibco) and 1% Penicillin/Streptomycin (15140-122, Gibco) and cultured until confluence. Cells were preincubated for 12 h in starvation medium and wounded by scratching using a 100 μL tip. Through this, a cell-free area was created in the center of the cell layer. Afterwards, all non-adherent cells were washed with 1× PBS (10010023, Thermo-Fisher). The wounded cell monolayers were incubated in the presence and absence of different concentration of Adiponectin (50636-M08H, Sino Biological Inc.) for 24 h. Wounded-area images were taken immediately after wounding and 24 h after scratching. The wounded cell layers were photographed at ×10 magnification (Leica Microsystems, Wetzlar, Germany) and the percentages of wound closure area between cell layer borders were analyzed and calculated over time using the Image J software (National Institutes of Health and University of Wisconsin, United States).
For the MAPK inhibition experiment, OCCM-30 cells were pretreated with the P38 inhibitor SB203580 (InvivoGen), the ERK1/2 inhibitor FR180204 (Calbiochem) or the JNK inhibitor SP600125 (InvivoGen) at a concentration of 1.0 μg/mL as well as with DimethyIsulfoxide (DMSO) (D8418-50ML, Sigma-Aldrich) at 0.1% (v/v) (Control group) for 1 h before Adiponectin addition. Afterward, the pretreated OCCM-30 cells were wounded and cultivated in the presence or absence of 1.0 μg/ml Adiponectin (50636-M08H, Sino Biological Inc.).
Cell Proliferation Assay
Cell viability and proliferation was examined using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (CellTiter 96® Aqueous One Solution Cell Proliferation Assay, Promega) according to manufacturer’s instructions. Briefly, OCCM-30 cells at a passage three to five were seeded at a density of 5 × 103 cells/well in a 96-well plate (655180, Greiner Bio-one). Cells were cultured in α-MEM containing 5% FBS overnight to allow adherence. Then, cells were washed twice with 1× PBS (10010023, Thermo-Fisher) and treated with various concentrations of Adiponectin (50636-M08H, Sino Biological Inc.) in α-MEM containing 0.5% FBS over a period of 24 h. To assess involvement of the MAP kinase cascade in Adiponectin-induced proliferation, cells were pretreated 1 h with the inhibitors: SB203580 (InvivoGen), FR180204 (Calbiochem) and SP600125 (InvivoGen) at a concentration of 1.0 μg/mL as well as with DMSO (D8418-50ML, Sigma-Aldrich) at 0.1% (v/v), respectively. Thereafter, 20 μL of the MTS reagent was added into each well and the cells were incubated during 2 h at 37°C in a 5% CO2 atmosphere. Plates were read by 490 nm using a 96-well micro-plate reader (BioTek, Winooski, VT, United States) to measure the amount of formazan by cellular reduction of MTS.
Alizarin Red S Staining
OCCM-30 cells at passages five to seven were seeded to 6-well plates (657160, Greiner Bio-one) at a density of 3 × 104 cells/well using α-MEM (11095-080, Gibco) containing 10% FBS (10270-106, Gibco) and 1% Penicillin/Streptomycin (15140-122, Gibco). Upon confluence, the culture medium was supplemented with 50 μg/ml Ascorbic Acid and 10 mM β-Glycerophosphate disodium salt hydrate with different concentrations of Adiponectin (50636-M08H, Sino Biological Inc.). Mineralization of extracellular matrix was determined on days 7 and 14 by Alizarin Red S staining. Briefly, mineralized monolayer cell cultures were washed with 1× PBS (10010023, Thermo-Fisher) three times and stained using 1% Alizarin Red S solution (A5533, Sigma-Aldrich) during 5 min at room temperature after being fixed with 70% Ethanol (64-17-5, Sigma-Aldrich) for 1 h at 4°C. Mineralized nodule formation was assessed by inverted phase contrast microscopy (Leica Microsystems, Wetzlar, Germany) using the LASV4.8 software (Leica).
To quantify the degree of calcium accumulation in the mineralized extracellular matrix, Alizarin Red S stained cultures were dissolved using 100 mM Cetylpyridinium chloride (6004-24-6, Sigma-Aldrich) for 1 h to release calcium-bound dye into the solution. The absorbance of the released dye was measured at 570 nm using a spectrophotometer (xMarkTM, Microplate Absorbance Spectrophotometer, 1681150 BioRad).
To measure the effect of MAP kinase in Adiponectin-induced cementogenesis, cells were incubated with the inhibitors: SB203580 (InvivoGen), FR180204 (Calbiochem) and SP600125 (InvivoGen) at a concentration of 1.0 μg/mL as well as with DMSO (D8418-50 ML, Sigma-Aldrich) at 0.1% (v/v) for 7 and 14 days, respectively.
Alkaline Phosphatase Enzymatic Activity Assay
After cementogenesis induction during 14 days, OCCM-30 cells were lysed in distilled deionized water and sonicated for 15 s (SONIFIER 150, BRANSON, G. HEIHEMANA). The lysate was incubated at 37°C for 30 min with p-Nitrophenyl phosphate (p-NPP; Alkaline phosphatase Substrate, Sigma) in an alkaline phosphatase buffer solution (1.5 mM). The reaction was stopped by adding NaOH, and absorbance was read at 405 nm (xMarkTM, Microplate Absorbance Spectrophotometer, 1681150 BioRad).
Statistical Analysis
Statistical analyses were performed using GraphPad Prism 6.0 software (GraphPad software). All values are expressed as means ± standard deviation (SD) and analyzed using one-way t-test for unpaired samples to determine the statistically significant differences between groups. Differences were considered statistically significant at a p value of < 0.05. Data distribution was analyzed using the Kolmogorov-Smirnov and the Shapiro-Wilk test and visually using QQ plots. All experiments were repeated successfully at least three times.
RESULTS
Cementoblasts Express Adiponectin Receptor 1 and 2
First, we aimed to verify if OCCM-30 cementoblasts express Adiponectin receptors. By Western blot analysis, we could establish that AdipoR1 as well as AdipoR2 are expressed on this cell line (Figure 1A). The mRNA expression of Adiponectin receptors was also demonstrated by RT-PCR analysis (Figure 1B). Immunofluorescence staining show that AdipoR1 are mostly expressed in the cytoplasm, cytomembrane and nucleus, while AdipoR2 are expressed around the nucleus (Figure 1C).
[image: Figure 1]FIGURE 1 | Cementoblasts express Adiponectin receptors. (A) The expression of Adiponectin receptors (AdipoR1 and AdipoR2) in OCCM-30 mouse cementoblasts was examined by WB. β-actin is shown as internal control protein. (B) RT-PCR analysis show the mRNA expression of AdipoR1 and AdipoR2. Values are expressed as means ± SD. (C) Adiponectin receptors in OCCM-30 cells were visualized by immunofluorescence staining (Green color). DAPI staining was used for nuclei detection. Arrows show cellular receptor localization. AdipoR1 are located in the cytoplasm, cytomembrane and nucleus, while AdipoR2 are distributed mostly around the nucleus.
Adiponectin Promotes In-Vitro Cementoblast Mineralization
Second, we analyzed the possible effect that exogenous Adiponectin exerts during cementogenesis. Alizarin Red S staining was used to visualize and quantify the biological effect of Adiponectin on OCCM-30 cell mineralization. This method revealed that Adiponectin significantly increased mineralized nodule formation in a dose-dependent manner over a period of 14 days (Figure 2A). Colorimetric analysis revealed that Adiponectin-stimulated OCCM-30 cells had higher levels of mineralized matrix production in comparison to unstimulated cells (p < 0.01) (Figures 2B,C).
[image: Figure 2]FIGURE 2 | Adiponectin promotes cementogenesis in vitro. (A) Microscopic view of OCCM-30 cells after 14 days of stimulation with different concentrations of Adiponectin (Staining: Alizarin Red S). (B,C) Cells were cultivated with 0 (Control), 20, 40, and 80 ng/ml Adiponectin during 14 days. Mineralization grade was visualized and quantified using Alizarin Red S staining and by further dilution with Cetylpiridiumchlorid. Results are expressed as mg/ml Alizarin Red S (Mean ± SD of three independent results). (D) Adiponectin added to OCCM-30 cells increases the Alkaline Phosphatase (AP) enzymatic activity dose-dependently, reaching statistical significance after 24 h in comparison to the untreated group (Data are normalized to 1, *p < 0.05; **p < 0.01). (E) Kinetic analysis of relative mRNA expression of Alkaline Phosphatase (AP), Bone Sialoprotein (BSP), Osteoprotegerin (OPG), Osteocalcin (OCN), Runx-2 and F-Spondin on cementoblasts after Adiponectin (100 ng/ml) stimulation. Data are normalized to 1. GAPDH was used as housekeeping Gene. Values are expressed as means ± SD: Ns (not significant); *p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001.
The analysis of the Alkaline Phosphatase enzymatic activity (AP) over a period of 48 h of cells stimulated with different concentrations of Adiponectin, showed increased AP activity time and dose-dependently, reaching statistical significance (p < 0.01) after 24 h in the group stimulated with 80 ng/ml Adiponectin (Figure 2D).
Cells cultivated for a period of 7 days in a mineralization-inducing medium, were afterwards stimulated over a period of 3 h with Adiponectin (100 ng/ml). The kinetic analysis of the relative mRNA expression of AP, Runx-2, BSP, OPG, OCN and F-Spondin increased notably, reaching statistical significance after 45 min of stimulation with Adiponectin (100 ng/ml) in comparison to timepoint 0 min. These stimulatory effects were sustained over the entire period of 3 h (p < 0.05) (Figure 2E).
Elevated Levels of Adiponectin Facilitate Cell Migration and Proliferation
Next, we analyze the effect that Adiponectin exerts on cell proliferation and migration. Cells were grown to 100% confluency and then were scratched using a 100 µL pipet tip. Immediately thereafter, cells were stimulated with different concentrations of Adiponectin (0, 0.1, 0.5, 1, and 2 μg/ml) during 24 h. The cell migration ability was visualized and measured using microscopic photography (Figure 3A). The analysis of the recovered data indicates that Adiponectin at concentrations of 1 and 2 μg/ml significantly promotes wound closure (24.35 ± 2.38 and 30.3 ± 2.68%, respectively) (Figure 3B). Furthermore, we observed that cells stimulated with Adiponectin over a period of 24 h have increased mitogenic activity. The groups stimulated with 0.4, 0.8 and 1.6 μg/ml adipokine showed a significantly increased proliferation rate (p < 0.05) in comparison to unstimulated cells (Figure 3C).
[image: Figure 3]FIGURE 3 | Increased migration and proliferation rates of OCCM-30 cells treated with Adiponectin. (A,B) Images show the migration effect that different concentrations of Adiponectin exert on OCCM-30 cells wounded monolayers at 0 and 24 h after standard scratching using a 100 µL pipet tip. The red lines indicate the wound edge at the beginning and at the end of the experiment. The migration rates were measured over a period of 24 h by ImageJ software. Data are presented as percentage of wound recovery. (C) The MTS assay showed that Adiponectin-treated cells during 24 h have an increased proliferation rate in comparison to untreated cells. This effect occurred dose-dependently, reaching statistical significance at a concentration of 0.4, 0.8, and 1.6 μg/ml Adiponectin. Values are expressed as means ± SD: ns (not significant); *p < 0.05; **p < 0.01; ***p < 0.001.
Adiponectin Promotes P38, ERK1/2 and JNK Phosphorylation in OCCM-30 Cells
In order to elucidate if Adiponectin can activate the MAPK pathway, we performed a kinetic analysis of P38, ERK1/2 and JNK protein phosphorylation (Figure 4A).
[image: Figure 4]FIGURE 4 | Adiponectin promotes JNK, ERK1/2 and P38 phosphorylation on OCCM-30 cells. (A,B) The expression of JNK (46 and 54 kDa), ERK1/2 (42 and 44 kDa) and P38 (42 kDa) expression as well as their phosphorylated forms after Adiponectin (20 ng/ml) stimulation were analyzed by Western Blots. β-actin served as a loading control. Graphics show the relative expression of p-JNK, p-ERK1/2 and p-P38 compared to cells at time point 0 min. (C,D) Adiponectin (20 ng/ml) promotes STAT1 (98 KDa) and STAT3 (85 KDa) phosphorylation during a period of 30 min. Graphics show the relative expression of p-STAT1 and p-STAT3 compared to cells at time point 0 min. Values are expressed as means ± SD: Ns (not significant), *p < 0.05; **p < 0.01; ***p < 0.001.
Western blots revealed that P38 phosphorylation occurs 5 min after Adiponectin (20 ng/ml) stimulation. The phosphorylated-state of P38 was sustained over a period of 4 h, reaching a peak at time point 10 min (p < 0.001). The phosphorylation of ERK1/2 as well as P54/P46 JNK reached a peak after 5 min Adiponectin addition, being the WB’s bands detectable during 30 min in both cases (Figure 4B). The WB analysis revealed that cementoblasts express STAT1 and STAT3 being these proteins target of Adiponectin stimulation. The phosphorylation of STAT1 and STAT3 occurred likewise after 5 min and was detectable over a period of 30 min (Figures 4C,D).
Blockade of MAPK Attenuates Adiponectin-Induced Cementoblast Migration and Proliferation
To evaluate whether activation of P38, ERK1/2 or JNK are essential for Adiponectin-stimulated cell migration and proliferation, OCCM-30 cementoblasts were preincubated with the pharmacological inhibitors: SB203580 (InvivoGen), FR180204 (Calbiochem) and SP600125 (InvivoGen) as well as with DimethyIsulfoxide (Sigma-Aldrich) (Control group) for 1 h and afterwards stimulated with Adiponectin.
The MTS assay indicated that MAPK blockade reduced the cell proliferation in unstimulated and stimulated cells. However, this effect was partially counteracted by Adiponectin (100 ng/ml) (Figures 5A,B).
[image: Figure 5]FIGURE 5 | The MAP kinase pathway is involved in Adiponectin-induced migration and proliferation of OCCM-30 cementoblasts. (A,B) Cells were treated with the MAP kinase inhibitors: SB203580 (InvivoGen), FR180204 (Calbiochem) and SP600125 (InvivoGen) for 1 h and afterwards stimulated with Adiponectin during 24 h. As result, MAP kinase inhibition impairs cell proliferation (MTS assay). This effect was rescued after Adiponectin (100 ng/ml) stimulation. (C) Images of cell migration were captured prior to stimulation (0 h) and after 24 h. The recovered areas were calculated by ImageJ software comparing the scratched areas. Blockade of ERK1/2 (FR180204) and JNK (SP600125) over a period of 24 h significantly decreases cell migration whereas P38 inhibition did not significantly influence the migration rate. Values are expressed as means ± SD of three independent results: Ns (not significant), *p < 0.05; **p < 0.01; ***p < 0.001.
As shown in the pictures, the scratched areas were measured after 24 h, which is represented by a front-end yellow edge line (Figure 5C). The migratory capacity of OCCM-30 cells treated with MAPK inhibitors was examined in the presence or absence of Adiponectin (100 ng/ml). As results, the migration rate of cells was significantly attenuated after ERK1/2 as well as JNK blockade despite Adiponectin (100 ng/ml) co-stimulation, whereas this effect was not observed in the group pretreated with the P38 inhibitor (Figure 5C).
Inhibition of MAP Kinases Alter Adiponectin-Induced Cementogenesis
The colorimetric analysis performed after dilution of Alizarin Red S staining for a period of 7 days mineralization induction, did not show significant differences among groups despite Adiponectin treatment (Figures 6A,B). Cells treated with P38 and ERK1/2 inhibitors during 14 days in the absence of Adiponectin (100 ng/ml) microscopically exhibited increased mineralization. In the presence of Adiponectin (100 ng/ml), such effect was slightly but significantly decreased (Figures 6A,B). On the contrary, the sustained blockade of JNK did not alter mineralized matrix production on OCCM-30 cells despite Adiponectin addition.
[image: Figure 6]FIGURE 6 | Inhibition of MAP kinases alter Adiponectin-induced cementogenesis. (A) Cells were treated with MAP kinase inhibitors in the presence or absence of Adiponectin (100 ng/ml) for 7 and 14 days, respectively. (B) Graphic shows the absorbance (OD562) of Alizarin Red S dilution after induction of mineralization for 7 and 14 days. Mineralization grade does not differ significantly among the groups after 7 days induction. However, after 14 days induction, the sustained blockade of P38 (SB203580) and ERK1/2 (FR180204) facilitate mineralized nodule formation, effect that was partially counteracted by Adiponectin. This effect was not observed in the groups cultivated with the JNK inhibitor (SP600125) in the presence or absence of Adiponectin. Values are expressed as means ± SD: Ns (not significant), *p < 0.05; **p < 0.01; ***p < 0.001.
DISCUSSION
In the present in vitro study, we demonstrated that OCCM-30 cementoblasts express Adiponectin receptor 1 and 2 and that its activation facilitates cell migration, proliferation and mineralization. These effects are partially orchestrated via activation of the MAPK signaling pathway.
Clinical studies have shown that the normal salivary Adiponectin levels are around 10.92 (3.22–28.71) ng/ml and the normal serum levels are around 12.27 (8.15–14.70) μg/ml (Mamali et al., 2012). These values drastically decrease in case of obesity (Carbone et al., 2012). Reduced levels of Adiponectin as well as AdipoRs are also present in patients with severe periodontitis, a fact that suggests impaired Adiponectin function to be associated with disease severity (Saito et al., 2008; Yamaguchi et al., 2010). In our experiment, we focused on the Adiponectin effects resembling normal salivary levels (20 ng/ml) and higher Adiponectin concentrations exert in vitro on OCCM-30 cementoblasts.
Previous reports have shown the favorable effects Adiponectin exerts in vitro on the proliferation of human osteoblasts via the MAPK signaling pathway (Luo et al., 2005). In the present study, we observed over a period of 24 h, that the number of viable cementoblasts was significantly increased in presence of higher concentration of Adiponectin compared to unstimulated cells. Similar results were also obtained by Berner et al. (2004) showing that a supplementation of cell culture medium with recombinant Adiponectin enhances the proliferation of murine osteoblasts (Berner et al., 2004). In contrast to the study performed by Kanazawa et al. (2007) reporting that even low concentrations of Adiponectin stimulate the proliferation of the MC3T3-E1 osteoblast cell line (Kanazawa et al., 2007), we observed that lower concentrations of Adiponectin did not significantly stimulate cementoblast proliferation.
In our experiment we demonstrated that the expression of Runx-2, an essential transcription factor for osteoblast differentiation, mineralization and migration (Bosshardt, 2005; Liu and Lee, 2013) as well as for cementogenesis (Hakki et al., 2018) was strongly up-regulated in OCCM-30 cells in response to high concentrations of Adiponectin. Adiponectin-induced Runx-2 upregulation in cementoblasts may be interpreted in the circumstances of wound healing and cementum repair and regeneration, because the regulatory role that Runx-2 exerts in cementum formation (Kimura et al., 2018). F-Spondin, a cementoblast specific gene that orchestrate cementoblast differentiation (Kitagawa et al., 2012), was also up-regulated by Adiponectin. Likewise, the OCCM-30 cells presented up-regulated mRNA expression of AP, BSP, OCN and OPG after adipokine stimulation.
Alkaline phosphatase (AP) is essential for osteoblast (Koh et al., 1997) and cementoblasts (Hakki et al., 2018) function and is up-regulated during mineralization, thus, it is generally considered as an early marker for osteoblasts as well as for cementoblasts (Carvalho et al., 2012). It is well known that AP regulates the formation of cementum and is involved more in the formation of acellular than cellular cementum (Saygin et al., 2000). Here we could observe that Adiponectin strongly increases mRNA AP as well as AP enzymatic activity in cementoblasts.
Osteocalcin (OCN) is a non-collagenous protein that plays a regulatory role during the mineralization process (Tokiyasu et al., 2000; Thomson et al., 2003). Its expression is restricted to cells with mineralizing capacity, including osteoblasts, odontoblasts as well as cementoblasts (McKee and Nanci, 1996; Saygin et al., 2000). In our results, the up-regulation of OCN after Adiponectin stimulation clearly indicates that this adipokine favorably induces cementogenesis. Our in vitro results are consistent with previous data supporting the fact that Adiponectin can enhance the osteogenic differentiation of osteoblasts (Lee et al., 2009) as well as promote osteoblastogenesis of HPDL cells (Iwayama et al., 2012).
We could observe that Adiponectin strongly promotes mineralization in OCCM-30 cells. In concordance with these results, Wang et al. (2017) demonstrated the osteogenic capacity of Adiponectin in vitro using rat mesenchymal stem cells (Wang et al., 2017). Another study showed that Adiponectin enhanced the mRNA expression of AP and the mineralization of osteoblasts (Oshima et al., 2006). Iwayama et al. (2012) also observed that Adiponectin promotes AP and Runx-2 mRNA expression as well as up-regulate the AP enzymatic activity of HPDL cells (Iwayama et al., 2012). However, in the latter study, extremely high concentrations (5–10 μg/ml) of Adiponectin were used to observe these effects (Iwayama et al., 2012). In our experiment, we used ranges of Adiponectin concentrations of among 100 ng/ml, demonstrating that murine cementoblasts require lower concentrations of this adipokine to achieve the same results. However, these concentrations still exceed the biologic concentrations of Adiponectin in saliva or in crevicular fluids (Mamali et al., 2012). In the presence of biological concentrations of Adiponectin, we could observe a moderate but not statistically significant increase of AP, BSP, OCN and OPG (Data not shown).
Our results indicate that in OCCM-30 cells, Adiponectin signals act through activation of ERK1/2, JNK as well as P38. Moreover, our present results show that activation of MAPK pathway is essential for Adiponectin-stimulated OCCM-30 proliferation and migration as these effects were partially counteracted when SB203580, FR180204 and SP600125, three highly selective inhibitors of the MAP kinase cascade, were applied. On the contrary, we observe that the sustained inhibition of P38 and ERK1/2 significantly enhances the mineralization rate of cementoblasts, effect that was partially counteracted by Adiponectin addition. These results accord with previous studies showing that long-term inhibition of the MAPK signaling pathway promotes early mineralization as well as the increase of AP activity in preosteoblastic cells (Higuchi et al., 2002).
Several in vitro studies have shown that Adiponectin plays a role as regulator of the MAP kinase pathways in cell homeostasis (Luo et al., 2005; Miyazaki et al., 2005; Junker et al., 2017). (Miyazaki et al., 2005) shown that Adiponectin activates the P38 and JNK pathways in myocytes (Miyazaki et al., 2005). In osteoarthritis, Adiponectin induces P38-MAPK to promote osteophyte formation (Junker et al., 2017). Interesting, Luo et al. (2005) showed that Adiponectin can activate P38 and JNK but not ERK1/2 on primary osteoblasts and that suppression of AdipoR1 abolished Adiponectin induced cell proliferation, suggesting that cell proliferation is regulated by AdipoR/JNK signaling whereas differentiation is mediated via the AdipoR/P38 cascade (Luo et al., 2005).
In a previous study, we have shown that blockade of ERK1/2 impairs leptin-induced Caspase 3 and Caspase 9 expression on OCCM-30 cells (Ruiz-Heiland et al., 2020). (Kadowaki et al., 2006) observed that Adiponectin induces osteogenesis via P38 through AdipoR1, but not AdipoR2 on C3H10/T2 cells up-regulating the expression of Runx-2 (Kadowaki et al., 2006). However, the relation between Adiponectin and P38 stimulation may generate different outputs depending on the cell type (Kadowaki et al., 2006). For example, in calcifying vascular smooth muscle cells, the Adiponectin-P38 interactions impair osteoblastic differentiation (Luo et al., 2009). The blockade of P38 caused significant down-regulated AP activity, mineralization, and osteogenic markers such as BSP in odontoblast-like cells (Tang and Saito, 2018). Activity of ERKs regulates the transcription of Runx-2 during the extracellular matrices induced osteoblastogenesis of mouse pre-osteoblast cell (Xiao et al., 2002). Likewise, activation of ERKs enhances AP expression in murine osteoblastic cells (Takeuchi et al., 1997). Suzuki et al., (1999) reported that the ERK pathway promotes proliferation in osteoblastic cells, whereas the P38 MAPK pathway regulates AP activity (Suzuki et al., 1999).
CONCLUSION
Our findings show that Adiponectin influences in vitro the migration, proliferation and cementogenesis of OCCM-30 cells partly through the MAPK signaling pathway.
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In obesity, macrophages and other immune cells accumulate in organs affected by insulin, leading to chronic inflammation and insulin resistance. 4-Hydroxyisoleucine (4-HIL) is a non-protein amino acid found in fenugreek seeds. 4-HIL enhances insulin sensitivity, but its mechanism is still unclear. In this study, 4-HIL intervention reduced weight gain, liver steatosis, and dyslipidemia; moreover, it increased systemic insulin sensitivity and improved insulin resistance in mice. Importantly, after administration, the accumulation of M1 like CD11c+ macrophages and inflammation in the liver and adipose tissue were reduced in the mice. 4-HIL also reduced the proportion of CD11c+ macrophages among bone marrow-derived macrophages, which were induced in vitro. These observations demonstrate a new role of 4-HIL in insulin resistance in hepatocytes and adipocytes. 4-HIL inhibits obesity-related insulin resistance by reducing inflammation and regulating the state of M1/M2 macrophages.
Keywords: 4-hydroxyisoleucine, insulin resistance, obesity, macrophages, inflammation
INTRODUCTION
Insulin resistance is a key part of the etiology of type 2 diabetes, and obesity is clearly the most common cause of insulin resistance in humans (Moller and Kaufman, 2005). As a result of the ongoing global obesity epidemic, the prevalence of related metabolic diseases has increased (Jastreboff et al., 2019). One of the hallmarks of obesity in humans and rodents is chronic inflammation of adipose tissue, and liver and skeletal muscle (Haiyan et al., 2003; Weisberg et al., 2003; Nicolas et al., 2010; Pillon et al., 2013). In this obesity-induced tissue inflammatory response, the accumulation of proinflammatory macrophages significantly increases, especially in adipose tissue and the liver (Pingping et al., 2010; Lackey and Olefsky, 2016).
Studies have shown that anti-inflammatory treatment and the disruption of important genes in proinflammatory response can improve insulin sensitivity in obese animals (Kim et al., 2001; Yuan et al., 2001). The dominant immune cell type causing inflammation in obese and T2DM islets is the macrophage (Ying et al., 2020). Macrophage recruitment and polarization are key to obesity-induced inflammation and insulin resistance. Many previous studies have shown that macrophage accumulation is increased in adipose tissue, liver tissue, and muscle tissue in obese individuals, particularly with a large increase in pro-inflammatory M-1-like Cd11c+ macrophages (Lumeng et al., 2007; Olefsky and Glass, 2010; Bijnen et al., 2018). Removing CD11c+ cells in vivo can improve obesity-related insulin resistance, suggesting that chronic tissue inflammation plays an important role in obesity-related insulin resistance (Patsouris et al., 2008). Studies have shown that the accumulation of adipose tissue macrophages is positively correlated with the degree of obesity in mice and humans (Weisberg et al., 2003). However, treatment options for immune cells aimed at preventing the development of insulin resistance and type 2 diabetes remain limited. There is an urgent need for new and promising treatments for obesity-related metabolic diseases in order to control and possibly reverse the progression of the disease.
Chinese traditional medicine has a long history in Asian countries (Stone, 2008). 4-HIL is a special amino acid that does not exist in mammalian tissues, but only in some plants, especially fenugreek (Fowden et al., 1973; Sauvaire et al., 1984). Fenugreek, a leguminous plant, has been used as part of traditional medicine for the treatment of diabetes, and 4-HIL has been proven to be one of the active components of fenugreek (Sharma, 1986; Broca et al., 2000). Fenugreek has anti-hyperglycemia and anti-dyslipidemia effects in a diabetic animal model (Narender et al., 2006; Singh et al., 2010; Rawat et al., 2014). Sauvaire et al. studied the structure of 4-HIL (Broca et al., 2000). The authors described that the molecule with three chiral centers existed in fenugreek seeds in the form of two dienantiomers. The main non-enantiomers with the 2S, 3R, and 4S accounted for approximately 90% of the total 4-HIL in seeds, followed by 2R, 3R, and 4S. The main 4-HIL isomers (2S, 3R, 4S) extracted from fenugreek seeds were the most effective insulin sensitizers among the 12 structure-related amino acids tested (Broca et al., 2000). In addition, 4-hydroxyisoleucine potentiates insulin secretion in a glucose-dependent manner. (Broca et al., 1999), although the mechanism needs to be further studied. In this paper, 4-HIL is a drug with the (2S, 3R, 4S) configuration obtained by microbial enzyme transformation. The purity of the product was 98.3%, the stability was good, and the oral bioavailability was high. In this study, we evaluated the therapeutic effect of 4-HIL on obesity and metabolic disorders, and explored the potential mechanism of this effect.
MATERIALS AND METHODS
Source of 4-Hydroxyisoleucine
4-HIL was provided by Julong Biological Engineering Co. Ltd., Henan, China.
Animals and Diets
Male C57BL/6 mice 6–8 weeks of age were purchased from Charles River (Beijing, China). The mice were maintained using a 12 h light/dark cycle in a specific pathogen free facility with free access to food and water throughout the experiment. Animals were fed a standard laboratory chow diet (12.8% fat, 21.6% protein, 65.6% carbohydrate; HFK Bioscience, Beijing, China) or a high-fat diet (HFD, 60% fat, 26.2% protein, 26.3% carbohydrate; HFK Bioscience). The mice were randomly divided into 5 groups with eight mice in each group. One group was given standard laboratory chow diet (CHOW), and the remaining mice were given high-fat diet (HFD). After 8 weeks, the HFD group was randomly divided into HFD normal saline, HFD 4-HIL 50 mg/kg, HFD 4-HIL 100 mg/kg and HFD 4-HIL 200 mg/kg, CHOW group, which was also given normal saline. Each group was administered once a day by gavage in a volume of 0.1 ml/10 g of mouse body weight for 8 weeks. 4-HIL was dissolved into different concentrations by saline. We recorded weekly changes in body weight and blood glucose for each mouse, also the changes in water intake and food intake for each cage of mice. Animal welfare and experimental procedures were carried out in accordance with the ethical provisions on the care and use of experimental animals at Zhengzhou University and were approved by the university’s Animal Experimental Committee.
Acute Toxicity
Twenty C57BL/6 mice with a body weight of 18–25 g, each half male and female, were adaptively fed for one week. The mice were randomly divided into a normal control group and an administration group; after fasting for 12 h, they were given normal saline by intragastric administration, Or 4-HIL (2 g/kg); 4 h after the end of the administration, freely drink and eat for 1 week, and record the weight of the mice during the breeding period to observe whether there is poisoning or death; one week later, the mice are dissected. Observe whether the main organs such as heart, liver, spleen, lung and kidney are abnormal.
MTT
The cells were inoculated on a flat-bottomed 96-well plate at a density of 4,000 cells/well. After the cells were grown overnight, the cells were treated with serum-free medium for 12 h, and the plates were tested after 24, 48 and 72 h. 20 μL MTT was added 4 h before each detection time point to avoid light. The supernatant of the medium was discarded, 150 μL DMSO was added, and the absorbance was measured at 490 nm. The absorption values of 4-HIL at 490 nm were determined by a microplate analyzer at different concentrations of 1 μM, 10 M, 100 μM and 1,000 μM at different time points for 24, 48 and 72 h.
Immunohistochemical Staining
Hematoxylin and eosin (HE) stain, immunohistochemistry materials, and Oil Red O stain used to examine animal tissues were all provided by Wuhan Servicebio Technology Co. Ltd. (Wuhan, China).
Insulin Tolerance Test and Glucose Tolerance Test
To perform GTTs, the weight of each mouse in each group was measured and recorded. Each mouse was intraperitoneally injected with glucose solution (2 g/kg) and blood glucose was measured using a blood glucose meter at 0, 15, 30, 60, 90, and 120 min. The results were used to construct a curve and the area under the curve was calculated.
To perform ITTs, each mouse was intraperitoneally injected with insulin solution (0.75 U/kg) and the blood glucose of mice was measured using a blood glucose meter at 0, 15, 30, 60, 90, and 120 min. A curve was constructed and the AUC calculated. Tail blood glucose levels were monitored using a glucometer (Roche Diagnostics, Basel, Switzerland).
Blood Serum Indices
Blood serum triglyceride (TG), total cholesterol (TC), high density lipoprotein cholesterol (HDL-C), low density lipoprotein cholesterol (LDL-C), aspartate aminotransferase (AST), and alanine aminotransferase (ALT) were determined using commercial kits (Jiancheng, Nanjing, China).
Extraction of RNA and Quantitative Real-Time Polymerase Chain Reaction
According to the trade description, total RNA was extracted from mouse tissues using TRIZol reagent (Thermo Fisher Scientific, Waltham, MA, United States) and reverse transcribed with RT2 first chain kit (Thermo Fisher Scientific). PCR was performed using a LightCycler480 real-time PCR system (Roche Diagnostics). The 2ΔΔCt method was used to calculate the multiple changes of gene expression. Objective gene and internal reference gene 36B4 primers were synthesized by Jin Weizhi Biotechnology Co., Ltd. (Beijing, China). The primer sequences used in this experiment are summarized in Supplementary Table S1.
Western Blot Analysis
Antibodies against IkB-α (nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor alpha; 1:1,000), JNK (c-Jun N-terminal), phosphorylated JNK (1:1,000), β-actin (1:1,000) and TLR4 (1:1,000) were purchased from Cell Signaling Technology (United States). Total protein of liver and adipose tissue was extracted by adding lytic buffer to each ice-cold sample. Proteins were isolated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride membrane (Millikon). Each membrane was sealed in the presence of Tris buffered saline containing Tween (TBST) containing 5% skimmed milk powder at room temperature for 1 h. Then, a defined concentration of diluted antibody was added as described by the manufacturer. The blot was incubated overnight in a flip shaking bed at 4 °C and washed six times for 5 min each time using TBST. TBST containing 5% skimmed milk powder a 1:8,000 dilution of mouse anti-rabbit antibody labeled with horseradish peroxidase (HRP) and incubated at room temperature for 2 h. The blot was washed six times for 5 min each time. An enhanced chemiluminescence (ECL) detection kit (Applygen Technologies, Beijing, China) was used to display protein bands. The protein bands were analyzed by ImageJ image analysis software (NIH, Bethesda, MD, United States).
Flow Cytometry
Mice were killed and the liver and epididymal adipose tissues were isolated. The tissues were each ground into single cell suspension and filtered through a 70 μm cell screen. After the red blood cells were lyzed, the cells were blocked using 10% rat serum in PBS for 10 min. The M1 macrophage maker was CD45+F4/80+CD11b+CD11c+ and M2 macrophage maker was CD45+F4/80+CD11b+CD206+. Representative flow cytometry plots showing the gating scheme for adipose tissue or liver macrophages. Cells from mouse were gated on forward-and side-scatter-area (FSC-A and SSC-A, respectively). immune cells were further selected by CD45 staining. CD45+F4/80+ATMs were selected and plotted to show CD11b+ and CD11c+ (M1)/CD206+(M2)fluorescence. Anti-mouse CD11b-APC(1:100; eBioscience), Anti-mouse CD11c-PE (1:100; eBioscience), Anti-mouse CD206-PE (1:100; eBioscience); Anti-mouse CD45-FITC (1:100; eBioscience); Anti-mouse F4/80 PerCP-Cyanine5.5 (1:100; eBioscience); Anti-mouse F4/80 FITC(1:100; eBioscience); Anti-mouse CD11b-PE (1:100; eBioscience), Anti-mouse CD11c-APC(1:100; eBioscience), Anti-mouse CD206-APC (1:100; eBioscience); Armenian hamster IgG-PE (1:100; eBioscience); Rat IgG2α kappa -FITC (1:100; eBioscience); Rat IgG2b kappa-APC (1:100; eBioscience); Rat IgG2α kappa -APC (1:100; eBioscience); Rat IgG2α kappa -PE (1:100; eBioscience); Rat IgG2α kappa PerCP-Cyanine5.5 (1:100; eBioscience) antibodies were also used. The streaming data was obtained by using a FACS Calibur device (BD Biosciences, Santa Clara, CA, United States) and analyzed and processed by FlowJo software.
Preparation of Mouse Bone Marrow-Derived Macrophages
Bone marrow cells were isolated from 8 to 12-week-old mice. The hind limb bones were isolated in the biosafety cabinet after the mice were killed. DMEM medium was aspirated using a 1 ml syringe to flush out the bone marrow. The single-cell suspension was collected and filtered with a sieve. The bone marrow cells were centrifuged, and 5 ml red blood cell lysate was added for lysis at room temperature for 5–8 min. After washing with PBS twice, red blood cells were removed to obtain bone marrow cells, which were used to induce macrophages. To generate M0 or M1 macrophages, sorted monocytes or bone marrow cells were treated for 7 days with 20 ng/ml of either recombinant human or mouse granulocyte macrophage colony-stimulating factor (GM-CSF). M1 polarization was achieved on Day 5 by stimulation with 20 ng/ml of interferon gamma (IFN-γ) for 1 h, followed by 100 ng/ml lipopolysaccharide (LPS) for 48 h. To generate M2 macrophages, cells were cultured in the presence of M-CSF (20 ng/ml) for 7 days, at the 6 and 7 days IL-13 (20 ng/ml), IL4 (20 ng/ml) were add. The cells were inoculated into wells of a 6-well plate at the density of 2 × 105/well in a 6-well plate. The cells were incubated overnight (12 h) in serum-free DMEM. After this period of synchronization, 4-HIL was added to the culture for 24 h. Control cells were not treated. Both groups of macrophages were examined by flow cytometry.
Statistical Analysis
The data are shown as means ± s.e.m. Data sets that involved more than two groups were assessed by one-way ANOVA followed by Newman–Keuls post hoc tests. Next generation sequencing analysis was assessed using Tukey’s honest significant difference post hoc tests. In the figures, the data with *are different based on post hoc ANOVA statistical analysis. SPSS version 20.0 was used. The statistical analysis diagram is completed by software GraphPad Prism8. *p < 0.05; ** 0.001 < p < 0.01; or ***p < 0.001.
RESULTS
4-Hydroxyisoleucine Decreases Body Weight and Hyperglycemia of Obese Mice Induced by High-Fat Diet
C57BL/6 mice were fed the HFD for 8 weeks, and then fed HFD supplemented with 4-HIL (50, 100, or 200 mg/kg) for another 8 weeks. Mice fed HFD 16 weeks became obese and developed hepatic steatosis, hyperlipidemia, and insulin resistance. The body weight, diet, and drinking water consumption of each mouse was measured and recorded weekly. Blood sugar was monitored weekly after drug intervention. 4-HIL lessened body weight and diet-related obesity. The 8-weeks treatment with the different doses of 4-HIL significantly decreases the body weights of mice in a dose-dependent manner. Use of 200 mg/kg 4-HIL lowered body weight of mice to almost the same weight as the control mice (Figures 1A,B). The intervention of 4-HIL had no effect on the diet consumption and water intake of mice (Figures 1D,E), indicating that the weight loss of mice after administration was not caused by the reduced consumption of food or drinking water. Monitoring of blood glucose levels in mice after administration of 4-HIL revealed reduced blood glucose levels (Figure 1C).
[image: Figure 1]FIGURE 1 | 4-HIL therapy reverses HFD-induced obesity and hyperglycemia. Mice were fed with HFD for 16 weeks and body weight (A), diet consumption (D), and drinking water consumption (E) were recorded every week. 4-HIL intervention was given every day from week 9 and the change of blood glucose was detected every week after administration (C). (B) Representative photographs of mice in the CHOW group (left), HFD group (middle), and 4-HIL (200 mg/kg) group (right). *, 0.01 < p < 0.05; **, 0.001 < p < 0.01; ***, p < 0.001 (n = 8 for each group).
4-Hydroxyisoleucine Markedly Improves Insulin Sensitivity and Reverses Insulin Resistance
To verify the effect of the drug on insulin resistance, the GTT was used to detect glucose tolerance in mice. Due to the long-term intake of high glucose and high-fat, the blood glucose of the HFD group increased sharply after injection of glucose and did not recover within 2 h. Mice in the HFD group had abnormal glucose metabolism and glucose intolerance (Figures 2A,B). The glucose tolerance in the 4-HIL treatment group was significantly improved compared with the HFD control group, and the area under the curve was significantly different from that in the model control group (p < 0.05). The ITT results showed that the model control group was insensitive to insulin and the hypoglycemic ability decreased after injection of insulin. The hypoglycemic ability of 4-HIL group was significantly higher than that of HFD group, and decreased significantly below the curve (p < 0.001), indicating that 4-HIL increased insulin sensitivity mi the mice (Figures 2C,D). After 8 weeks of administration, blood samples were collected from the tail tip of each mouse to measure blood glucose, blood samples were taken from the orbit of the eye to obtain plasma, and plasma insulin concentration was measured by the double antibody sandwich ELISA method. Compared with the CHOW group, the fasting plasma insulin content in the HFD group was significantly higher than that in the 4-HIL group (p < 0.01), and the 4-HIL intervention group significantly reversed the increase in fasting plasma insulin content in mice (Figures 2E,F). In the model control group, due to the intake of high-sugar and HFD, the increase of blood glucose led to the compensatory increase of insulin secretion, which led to the compensatory increase of fasting plasma insulin content in the mice. The 4-HIL treatment group displayed significant improvement that was dose-dependent. We calculated the insulin resistance index (fasting blood glucose level (mmol/L) × fasting insulin level (mIU/L)/22.5). Treatment of 4-HIL significantly decreased the insulin resistance index (p < 0.05, Figure 2G).
[image: Figure 2]FIGURE 2 | 4-HIL improves insulin sensitivity. After 4-HIL administration, the mice in CHOW, HFD, and 4-HIL (200 mg/kg) were fasted for 8 h prior to glucose tolerance test (A) and insulin tolerance test (C). The area under the curve (B), (D) was calculated. After fasting for 8 h, blood samples of mice were taken from the tail tip to measure blood glucose using a blood glucose meter (E), and the concentration of insulin in the sample was measured by ELISA (F). The insulin resistance index (G) was calculated according to the formula provided in the text. At the end of administration, the isolated pancreatic tissues of mice were used for HE staining (H) and insulin antibody immunohistochemical staining (J). The mean islet area (I) and insulin positive (K) were analyzed and quantified using ImageJ software. *, 0.01 < p < 0.05; **, 0.001 < p < 0.01; ***, p < 0.001 (n = 8 for each group).
Insulin is the only hormone in the body that lowers blood sugar. In the early stage, we found that the insulin sensitivity was improved after 4-HIL treatment. Furthermore, the effect of 4-HIL on insulin-secreting pancreatic tissue was verified by HE staining, and the average islet area was calculated by ImageJ software. The islet area increased significantly in the model control group, but decreased significantly in the 4-HIL group (Figures 2H,I). Insulin antibody was used to detect islet β cells, and the results were analyzed and quantified by ImageJ software. A large proportion of the cytoplasm in the islet cells were positive, but there was no obvious positive reaction in the extra islet acinar cells, and the positive rate in the model control group was significantly higher than that in the normal control group (Figures 2J,K). These results confirmed our hypothesis that, due to the decreased insulin sensitivity in the model control group, the intake of high-sugar and HFD stimulates the compensatory secretion of insulin by islet β cells to regulate blood glucose, resulting in compensatory proliferation of islet β cells. The intervention of 4-HIL significantly inhibited the compensatory proliferation of islet β cells, which further indicated that insulin sensitivity was improved after administration of 4-HIL.
4-Hydroxyisoleucine Improves Dyslipidemia and Reduces Lipid Ectopic Accumulation in Model Mice
After 16 weeks of the HFD, the liver weight and especially fat accumulation of mice had increased significantly. The liver weight and fat accumulation were significantly lower in the 4-HIL treatment group as compared with the HFD group. The decrease was related to the 4-HIL dose and had no significant effect on the kidney (Table 1). In order to explore the effect of 4-HIL on blood lipids in the HFD-related obese mice, we used the isolated plasma to determine the four contents of blood lipids. Dyslipidemia occurred in the HFD group, with reduced levels of blood lipid evident in the 4-HIL treatment group (Figures 3A–D). HE staining of liver tissue showed that after induction by high glucose and high-fat, mouse liver cells contained many fat vacuoles in mouse liver cells, mainly small and medium-sized vacuoles, accompanied by inflammatory cell infiltration, consistent with reports in the literature (Gregor and Hotamisligil, 2011; Saltiel and Olefsky, 2017). In the 4-HIL group, the degree of vesicular degeneration and steatosis of liver cells was significantly reduced, and the number of fat vacuoles was significantly reduced (Figure 3I). After Oil Red O staining, the number and volume of fat droplets in liver cells of mice in the 4-HIL group were significantly lower than those in HFD group (Figures 3G,H). HE staining of epididymal adipose tissue revealed that the adipocytes in the model control group were significantly hypertrophic and the inflammatory infiltration of the crown-like structure was obvious, consistent with reports in the literature (Han and Levings, 2013; Lee et al., 2013; Tanaka et al., 2014). The volume of adipocytes and inflammatory infiltrating cells decreased significantly in the 4-HIL group, which indicated that 4-HIL could inhibit adipocyte hypertrophy and reduce inflammatory infiltration (Figure 3J). The long-term intake of the high-sugar and HFD damaged liver function, as evident by the significant increases in plasma AST and ALT. 4-HIL significantly reduced the increase plasma AST and ALT caused by HFD (Figures 3E,F).
TABLE 1 | Body and organ weights at the end of treatment.
[image: Table 1][image: Figure 3]FIGURE 3 | 4-HIL reduces dyslipidemia. After 4-HIL administration, blood samples were taken from the orbit of mice after fasting for 8 h, and the contents of TC (A), TG (B), LDL-C (C), HDL-C (D), ALT (E), and AST (F) in plasma were measured according to the instructions of the kits. Oil Red O staining of liver tissue (200×) (G), HE staining of liver tissue (200×) (I), and HE staining of adipose tissue (200×) (J) are presented. *, 0.01 < p < 0.05; **, 0.001 < p < 0.01; ***, p < 0.001 (n = 8 for each group).
4-Hydroxyisoleucine Reduces Expression of Proinflammatory Cytokines
In order to further study the effect of 4-HIL on obesity-related chronic inflammation, we measured the levels of inflammatory gene mRNA in liver and adipose tissue (Figures 4A–F). The expression levels of tumor necrosis factor-alpha (TNF-α), IL-1 β, IL-6, plasminogen activator inhibitor-1 (PAI-1), monocyte chemoattractant protein-1 (MCP-1), and NF- κ B in liver and adipose tissue of the model control group were significantly increased as compared with the values reported in the literature (Chawla et al., 2011). However, the expression of inflammatory gene mRNA decreased significantly after 4-HIL intervention. The Toll-like receptor 4 (TLR4) signaling pathway induces the production of proinflammatory cytokines by regulating the activities of c-Jun N-terminal kinase (JNK) and NF-κB, and leads to chronic inflammation and insulin resistance. TLR4 knockout mice fed with a high-sugar and HFD did not develop obesity and insulin resistance (Shi et al., 2006; Jia et al., 2014; Wada and Makino, 2016). We detected TLR4-related signaling pathways in liver and adipose tissue by western blot. Compared with HFD group, 4-HIL reduced the expression of TLR4 protein and inhibited JNK phosphorylation in liver and adipose tissue of HFD mice. Increasing the production of nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha (IκB-α) in NF-κ B interaction can prevent the translocation and activation of NF-κ B. The 4-HIL intervention decreased the expression of TLR4, inhibited the phosphorylation of JNK, and increased the production of IκB-α (Figures 4G,H).
[image: Figure 4]FIGURE 4 | 4-HIL decreases proinflammatory cytokine expression. After 8 weeks of 4-HIL (200 mg/kg)administration, the mRNA expression levels of IL-6 (A), PAI-1 (B), IL-1β (C), NF-κB (D), TNF-α (E), and MCP-1 (F) in mouse liver and adipose tissues were detected by qRT-PCR. The relative level of mRNA was determined by comparing the relative expression of mRNA with that of the CHOW group by the Ct method. Effect of 4-HIL (200 mg/kg) on TLR4 related signaling pathway (G)–(H). Representative immunoblotting of target proteins was used to detect the effects of 4-HIL treatment on TLR4 protein production, JNK phosphorylation and IkB-α production in liver and epididymal adipose tissues. *, 0.01 < p < 0.05; **, 0.001 < p < 0.01; ***, p < 0.001 (n = 3 for each group).
4-Hydroxyisoleucine Reduces the Proportion of Proinflammatory M1 Macrophages
Macrophage recruitment and polarization play key roles in obesity-related chronic inflammation. In order to study the effect of 4-HIL on macrophages in liver and adipose tissue, the proportion of macrophages in liver tissue and adipose tissue was analyzed by fluorescence-activated cell sorting. The proportion of M1 macrophages in liver tissue and adipose tissue of mice in the HFD group was higher than that in normal control group. The level of proinflammatory macrophages in mice treated with 4-HIL decreased in a dose-dependent manner. The 4-HIL treatment reduced the number of M1 macrophages in the liver and adipose tissue of HFD mice, and significantly reduced the increase of M1-ATM and the decrease of M2-ATM induced by HFD (Figures 5A–E). These findings suggested that the inflammatory state was reduced, consistent with the observed decrease in the expression of a variety of proinflammatory genes in adipose tissue and liver tissue after 4-HIL administration. Flow cytometry analysis revealed that 4-HIL administration reduced the proportion of M1 macrophages in liver and adipose tissue, and also reduced the high expression of MCP-1 induced by HFD at the mRNA level. We further explored whether 4-HIL could directly affect the polarization of macrophages and thus, reduce inflammation and improve metabolism-related diseases. We induced mouse BMDM in vitro to observe whether 4-HIL can directly affect M1 macrophages. After macrophages induced in vitro were treated with 4-HIL for 24 h, the proportion of M1 macrophages was detected by flow cytometry. Administration of 4-HIL in the macrophage model in vitro could still reduce the proportion of M1 macrophages. However, there was no difference in the proportion of M2 macrophages (Figures 6A–C).
[image: Figure 5]FIGURE 5 | Proinflammatory M-1-like CD11c+ macrophages from HFD-fed mice are inhibited by 4-HIL in vivo. After the end of the period of 4-HIL administration, the liver and adipose tissue were obtained and the tissues was processed to single cell suspensions. The antibody was added and incubated in the dark, and the effect of the 4-HIL administration on the macrophage was detected by flow cytometry. Typical flow cytometry shows the gating scheme of macrophages (A). Fluorescence-activated cell sorting gating results of macrophage flow cytometry are shown in (B)–(E).
[image: Figure 6]FIGURE 6 | Effect of 4-HIL on macrophages in vitro. Bone marrow-derived cells were cultured with GM-CSF (20 ng/ml) for 7 days. INF- γ (20 ng/ml) and LPS (100 ng/ml) was added on the day 6 and 7, respectively. After removing the non-adherent cells, the adherent cells were exposed to 4-HIL for 24 h. The proportion of macrophages was analyzed by flow cytometry.
DISCUSSION
One of the important findings of this study is that 4-HIL intervention can led to significantly weight reduction. In particular, even if the HFD was continued for 8 weeks, the concurrent use of 4-HIL delayed obesity, steatosis, hyperglycemia and insulin resistance in the obese mice. There was no significant difference in daily food intake between HFD and 4-HIL groups, suggesting that 4-HIL attenuated HFD-induced obesity through metabolic regulation. The findings demonstrate that 4-HIL improves metabolic disorders and reduces obesity-related inflammation in HFD mice by reducing the proportion of M1 macrophages and inhibiting the function of M1 macrophages, thereby inhibiting chronic inflammation in adipose and liver tissues. Furthermore, 4-HIL significantly increased insulin sensitivity of and improved the dysfunctions in glucose and lipid metabolism in the model mice.
According to the literature, 4-HIL can stimulate the insulin secretion of isolated rat pancreas (Sergent et al., 2008). Our experimental results showed that the regulation of blood glucose level by 4-HIL occurred mainly through the increase of insulin sensitivity, but not increased insulin secretion. In order to verify whether 4-HIL increased insulin secretion in vivo, GTT was performed in normal C57BL/6 mice to evaluate whether the drug stimulated insulin secretion. The blood glucose level in mice administered 4-HIL at 200 mg/kg for 15 min group was significantly lower than that in the vehicle group, and other time points had no significant effect on blood glucose value and AUC value (Supplementary Figure S1). We also applied 4-HIL to epinephrine-induced hyperglycemia mice and observed that 4-HIL had no significant hypoglycemic effect on subacute epinephrine hyperglycemia model (Supplementary Figure S2). However, in the HFD model, 4-HIL could significantly reduce the blood glucose value and AUC value, the serum insulin content in the 4-HIL treatment group was significantly lower than that in the HFD group, and the Homeostatic Model Assessment of Insulin Resistance value showed that the insulin resistance in the treatment group was significantly decreased. The results of HE staining and insulin antibody immunohistochemistry showed that the area of insulin area (β cell dense area) in the HFD group was significantly increased because high glucose and high lipid intake induced insulin resistance and led to compensatory proliferation of islet β cells. Islet β cells secrete a large amount of insulin in a compensatory response to regulate blood glucose. The significant reduction in the islet area of the 4-HIL intervention group further proved that the insulin content of mice in the treatment group was decreased.
Obese mice produce high levels of proinflammatory cytokines, including TNF- α, IL-1 β, IL-6, and PAI-1, in liver and adipose tissue, and obesity is characterized by infiltration and activation of immune cells in liver and adipose tissues (Chawla et al., 2011; Bu et al., 2018). The expressions of inflammatory gene mRNAs in the 4-HIL treatment group were significantly decreased, indicating that 4-HIL can reduce the level of inflammatory factors in insulin target organs of HFD model mice. TLR4 signal leads to the production of proinflammatory cytokines in the target tissue of HFD mice and leads to chronic inflammation and insulin resistance (Shi et al., 2006; Cani et al., 2008). The intervention of 4-HIL decreased the expression of TLR4, inhibited the phosphorylation of JNK, and increased the production of IκB-α. These results indicated that the administration of 4-HIL could significantly improve the state of chronic inflammation in the body. 4-HIL can reduce the ratio of M1/M2 in liver and adipose tissues of HDF mice, affect the polarization of macrophages, and improve the chronic inflammatory response. Flow cytometry examination of liver and adipose tissues of HDF mice after 4-HIL administration revealed the accumulation of a large number of proinflammatory macrophages, consistent with prior observations in the literature (Pal et al., 2012). The level of proinflammatory macrophages in 4-HIL treatment group decreased in a dose-dependent manner. We further explored in vitro whether 4-HIL directly affects the polarization of macrophages, and observe the direct effect of 4-HIL on macrophages by inducing mouse BMDM. 4-HIL could still reduce the proportion of M1 macrophages in vitro, and similar results were found in both BMDM and M1 macrophage models in vitro. At the same time, we also studied the effect of 4-HIL on BMDM induced in TLR4 deficient mice. The proportion of M1 macrophages in these mice was still reduced, indicating that the effect of 4-HIL does not depend on TLR4.
Obesity, especially the increase of visceral fat content, will lead to the occurrence and development of metabolism-related diseases (Moller and Kaufman, 2005). The increase of free fatty acids and lipid accumulation in liver and other organs are the main causes of insulin resistance. Studies in humans and mice have shown that the size of adipocytes is a powerful predictor of the proportion of macrophages in adipose tissue (Weisberg et al., 2003). Adipocyte volume is closely associated with systemic insulin resistance, dyslipidemia, and the risk of type 2 diabetes, and weight loss is accompanied by a decrease in adipocyte volume. The liver is an important site of lipid metabolism. In the HFD group, the liver was light yellow and had a tight capsule, blunt edge, slightly soft texture, and greasy touch. Oil Red O staining revealed the pronounced accumulation of lipids, accompanied by a significant increase in plasma AST and ALT levels. This is consistent with literature reports. As the site of crosstalk between adipocytes and macrophages, there is a unique structure in obese adipose tissue called crown-like structure (CLS), where macrophages are considered to scavenge the residual lipid droplets of dead adipocytes (Cinti et al., 2005; Lumeng et al., 2007). Histologically, proinflammatory M1 macrophages aggregate to constitute CLS in obese adipose tissue of humans and rodents. On the other hand, M2 macrophages are scattered in the interstitial spaces between adipocytes. Notably, the number of CLS is positively correlated with systemic insulin resistance in obese subjects (Apovian et al., 2008; Bremer et al., 2011), suggesting the pathophysiologic role of CLS in adipose tissue inflammation and systemic energy metabolism (Tanaka et al., 2014). In the 4-HIL group, the amount of fat accumulation was significantly decreased, and serum AST and ALT were significantly decreased. Tissue sections showed that the number of adipocytes decreased, the cell volume significantly decreased, and the infiltration of inflammatory cells decreased, indicating that 4-HIL can improve the disorder of lipid metabolism caused by high-fat. Weisberg et al. reported that the size of adipocytes is related to the number of macrophages in adipose tissue (Weisberg et al., 2003), and the regulation of adipose metabolism by 4-HIL is closely related to macrophages.
These results were derived from a diet-induced obesity model in mice. Whether 4-HIL has a similar effect on insulin resistance in patients with type 2 diabetes remains to be studied. The activation characteristics of mouse macrophages and human macrophages are different (Mantovani et al., 2004). For example, the activity of inducible nitric oxide synthase in macrophages is different between mouse and human inflammatory models (Zhang et al., 1996; Schneemann and Schoedon, 2002). However, for many inflammatory markers, obese human and mouse adipose tissue macrophage (ATM) are similar, so mice are still useful models for testing the biology of ATM (Weisberg et al., 2003; Xu et al., 2003; Cancello et al., 2005). Future studies will focus on the importance of identified genes for ATM function and the development of type 2 diabetes. In addition, we found that 4-HIL significantly reduced fat accumulation in obese model animals, but had no significant effect on diet. These findings need to be assessed in more depth. Whether 4-HIL can produce heat by blocking the function of the RCAN1 gene or whether it promotes the conversion of white fat into brown fat, individuals can maintain low body fat levels without the need to reduce food intake or increase exercise (Bal et al., 2012). Alternately, as reported by Eichmann et al., by reducing fat absorption, excess fat in the intestinal cavity with fecal excretion may occur (Zhang et al., 2018). These aspects still need to be investigated.
CONCLUSION
In conclusion, 4-HIL significantly improved glucose and lipid metabolic dysfunctions in HFD mice. 4-HIL reduced the proportion of M1 macrophages in liver and adipose tissues of mice. By inhibiting the aggregation of M1 macrophages and inhibiting the chronic inflammation of adipose tissue and liver mediated by inflammation, metabolic disorders and chronic inflammation could be improved, and the insulin sensitivity could be increased. 4-HIL displayed no obvious toxic and side effects in vitro and in vivo. 4-HIL is a potential drug for the treatment of obesity-related metabolic diseases.
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Ectopic lipid accumulation in skeletal muscle and liver drives the pathogenesis of diabetes mellitus type 2 (DMT2). Mild hyperbilirubinaemia has been repeatedly suggested to play a role in the prevention of DMT2 and is known for its capacity to shape an improved lipid phenotype in humans and in animals. To date, the effect of bilirubin on lipid accumulation in tissues that are prone to ectopic lipid deposition is unclear. Therefore, we analyzed the effect of bilirubin on lipid accumulation in skeletal muscle and liver cell lines. C2C12 skeletal mouse muscle and HepG2 human liver cells were treated with physiological concentrations of free fatty acids (FFA) (0.5 mM and 1 mM) and unconjugated bilirubin (UCB) (17.1 and 55 µM). The intracellular presence of UCB upon exogenous UCB administration was confirmed by HPLC and the lipid accumulation was assessed by using Nile red. Exposure of both cell lines to UCB significantly reduced lipid accumulation by up to 23% (p ≤ 0.001) in HepG2 and by up to 17% (p ≤ 0.01) in C2C12 cells at 0.5 and 5 h under hypoglycaemic conditions. Simultaneously, UCB slightly increased FFA uptake in HepG2 cells after 0.5 and 5 h and in C2C12 cells after 12 h as confirmed by gas chromatographic analyses of the remaining FFA content in the incubation media. The effects of UCB on lipid accumulation and uptake were abolished in the presence of higher glucose concentrations. Monitoring the uptake of a radiolabeled glucose analogue [18F]FDG: (2-deoxy-2-[18F]fluoro-D-glucose) into both cell types further indicated higher glucose consumption in the presence of UCB. In conclusion, our findings show that UCB considerably decreases lipid accumulation in skeletal muscle and liver cells within a short incubation time of max. 5 h which suggests that mildly elevated bilirubin levels could lower ectopic lipid deposition, a major key element in the pathogenesis of DMT2.
Keywords: bilirubin, mild hyperbilirubinaemia, ectopic lipid accumulation, C2C12 skeletal muscle cells, HepG2 cells, [18F]FDG uptake, insulin resistance, lipid accumulation
INTRODUCTION
Globally, the increase in diabetes mellitus type 2 (DMT2) is emerging with 463 million cases worldwide, a prevalence that tripled over the last 20 years and is projected to rise to 700 million cases in 2045 (International Diabetes Federation, 2019). Obesity and an increased fat mass are major contributors to the development of insulin resistance and DMT2. Many studies have shown that the distribution of body fat and particularly the deposition of lipids within non-adipose tissues drive insulin resistance. Indeed, ectopic lipid accumulation in tissues such as skeletal muscle and liver that are responsible for the majority of insulin stimulated glucose disposal drive the pathogenesis and progression of DMT2 (Shulman 2000; Moore et al., 2003; Goodpaster and Wolf 2004).
Prospective and retrospective human studies repeatedly found a protective role of mildly elevated blood bilirubin levels in DMT2 and a Mendelian Randomization study observed a causal risk reduction for DMT2 by mild hyperbilirubinaemia (Vítek 2012; Abbasi et al., 2015; Nano et al., 2016; Yang et al., 2019). Further, subjects with Gilbert´s syndrome (GS), an existing human model with constant mildly increased unconjugated blood bilirubin (UCB) levels have repeatedly been linked to a reduced fat mass, BMI and blood lipids (Wallner et al., 2013) and also exhibited a health beneficial glucose metabolic phenotype including a reduction in fasting glucose, insulin, C-peptide and insulin resistance (Mölzer et al., 2016; Khoei et al., 2018). This might suggest that mild hyperbilirubinaemia reduces the risk of DMT2 by protecting from disadvantageous, diabetes related changes in lipid metabolism. To date, data about bilirubin and its relation to ectopic lipid accumulation is scarce and limited to the liver, showing a decreased hepatic lipid content in mildly hyperbilirubinaemic mice (Hinds et al., 2017). However, experimental studies on lipid accumulation in skeletal muscle cells and hepatocytes, tissues that are prone to ectopic lipid deposition and simultaneously responsible for the majority of the insulin-stimulated glucose disposal are lacking. Therefore, this study aims for the first time to investigate the effect of UCB on intracellular lipid accumulation in C2C12 skeletal mouse muscle cells and HepG2 hepatoblastoma-derived cells.
MATERIALS AND METHODS
Cell Culture and Treatment
C2C12, murine myoblast (ATCC Cat# CRL-1772, RRID:CVCL_0188) and HepG2, human hepatoblastoma cells (ATCC Cat# HB-8065, RRID:CVCL_0027) purchased from LGC Standards GmbH were routinely cultured in high glucose (25 mM) containing DMEM (D1145, Sigma-Aldrich, US) with 10% FBS (10270-098, Gibco, Thermo Fisher, US), 4 mM L-glutamine (G7513, Sigma-Aldrich, US) and 1% penicillin/streptomycin (P0781, Sigma-Aldrich, US) at 37°C, 5% CO2 under subconfluent conditions. Prior to experiments, HepG2 cells were grown to confluence for 2 days and confluent C2C12 cells were supplemented for another 6 days with 2% horse serum (10500-056, Gibco, Thermo Fisher, US) to allow differentiation into multinucleated myotubes. Cells were then treated with 0.5 mM or 1 mM BSA-coupled free fatty acids (FFA) (Svedberg et al., 1990) using palmitic acid (PA, P9767, Sigma-Aldrich, US), oleic acid (OA, O7501, Sigma-Aldrich, US) and linoleic acid (LA, L8134, Sigma-Aldrich, US) at a ratio of 2:1:2 which is consistent with the physiological FFA concentration and composition in human blood (Hodson et al., 2008). Simultaneously cells were exposed to 17.1 µM UCB (B412, Sigma-Aldrich, US), the threshold of the UCB blood concentration that characterizes GS (Wagner et al., 2018). In addition, 55 µM UCB was used for the principal lipid-based experiments to reflect the higher UCB concentrations in the liver compared to other tissues such as muscle (Zelenka et al., 2008) using an upper UCB concentration seen in sera of GS subjects. UCB was dissolved in DMSO (0.275% final DMSO concentration in all treatments) and then added to the BSA-containing media by shaking. Prior to the experiments, the solubility of UCB was routinely checked for possible UCB microprecipitate formation under the microscope. All experiments were performed in a darkened room. The control and reference for all treatments consisted of DMEM supplemented with 4 mM L-glutamine, 0.45 mM BSA and 0.275% DMSO. Cytotoxicity of the treatments was tested by MTT assay with 1 × 104 C2C12 and 0.5 × 105 HepG2 in 96 well plates. Formazan crystals were formed with 1 mg/ml MTT (M2128-1G, Sigma-Aldrich, US) in DMEM (37°C, 5% CO2, 4 h), dissolved in 200 µL DMSO (37°C, 5% CO2, 1 h) and measured at 485 nm using a plate reader (Fluorostar Optima, BMG Labtech, Germany).
Cellular Unconjugated Bilirubin Uptake
The cellular UCB uptake and the remaining UCB concentration in the incubation media were analyzed by HPLC. Briefly, 4 × 105 C2C12 and 4.5 × 106 HepG2 cells were seeded into 100 × 20 mm cell culture dishes for treatment (10 ml). After exposure to UCB for 0.5 and 5 h, the supernatant was immediately frozen at −80°C. The cells were put on ice, washed with 10 ml PBS (4°C), collected using a cell scraper (5 ml PBS 4°C) and centrifuged at 179 g, 4°C for 5min. The cell pellet was stored in 1 ml PBS (4°C) at −80°C after adding N2.
The sample solutions for HPLC analysis consisted of 500 µL of UCB-non-treated media, 50 µL of UCB-treated media or 450 µL of cellular homogenate, disintegrated by ultrasound on ice as well as 50 µL of internal standard (5 mM mesobilirubin, Frontier Scientific, US) and the trace of BHT (antioxidant) (Sigma-Aldrich, US). UCB was extracted into 6 ml of methanol/chloroform/hexane (10/5/1 v/v/v) and concentrated into a small droplet of carbonate buffer (100 mM, pH 10) which was injected (50 µL) onto HPLC Agilent 1200 (CA, US) equipped with a diode-array detector. Bilirubin was then separated on the Luna C8 column (4.6 mm × 150 mm, 3 mM/100A, Phenomenex, CA, US). The mobile phase for the analysis contained methanol (450 g), water (300 g) and tetrabutylammonium hydroxide (7.5 ml) and its pH was adjusted by phosphoric acid (9–9.3). The signal was detected at 440 nm with 550 nm as the reference wavelength (Zelenka et al., 2008). The final amount of bilirubin in the medium was calculated as nmoL of UCB per mL of sample. The amount of protein in the cellular homogenate was measured by Bio-Rad Protein Assay (Bio-Rad, CA, US) using the microplate reader (Sunrise, Tecan, Austria). Concentration of bilirubin in cells was calculated as pmol of UCB per mg of protein.
Lipid Accumulation and Uptake
Lipid accumulation was measured by the Nile red (NR) assay that selectively stains intracellular lipids. Therefore, 1 × 104 C2C12 and 0.5 × 105 HepG2 cells were seeded into a black 96 well µclear plate (Greiner, Austria) for treatment (final volume 200 µL). Then cells were fixed with 3% paraformaldehyde (F1635, Sigma-Aldrich, US) (24°C, 20min), stained with NR (3.3 µg/ml in PBS, 37°C, 5% CO2, 2 h) and rinsed with 100 µL PBS. NR fluorescence was measured from the bottom of the plate at ex: 485 nm and em: 590 nm, the background fluorescence was subtracted prior staining and NR fluorescence was adjusted by Bradford protein content (B6916, Sigma-Aldrich, US). Images of intracellular lipids were obtained with the confocal microscope Leica TCS SPE including the inverse microscope DMi8 and analyzed using the LAS X 2.0.014332 software from Leica.
Lipid accumulation at a single cell level was measured using flow cytometry after NR staining. C2C12 (0.2 × 106) and HepG2 (0.6 × 106) cells were seeded into a six well plate (Greiner, Austria) with 2 ml treatment solution. Cells were harvested with accutase (A6964, Sigma-Aldrich, US), collected in a 5 ml Polystyrene Round-Bottom Tube (352058, Corning, US), centrifuged (179 g, 5 min), washed with 1 ml PBS (37°C) and incubated in the dark for 15 min with 1 ml 0.75 µg/ml NR in PBS. Cells were centrifuged and analyzed in 400 µL NR solution. 50.000 cells were measured in FL2 excluding cell debris using a four-channel FACS CaliburTM flow cytometer (BD, Europe).
The cellular lipid uptake was analyzed indirectly by measuring the remaining FFA concentrations from the incubation media by gas chromatography. The lipid extraction was performed according to modified protocols from Folch and Metcalfe (Folch et al., 1957; Metcalfe et al., 1966). First, the sample solution consisting of 2 ml incubation media and 100 µL of internal standard (2 mM stearic acid in isopropanol) was extracted twice using 10ml/5 ml chloroform/methanol (2:1) for 20 min on ice while vortexing twice for 0.5 min. The lipophilic phases were collected (2,000 g for 10 min), pooled and evaporated with N2 (37°C). Then, saponification and methylation were performed using 1 ml methanolic NaOH (0.5 M NaOH and 0.27 mM BHT) and 1 ml BF3 (14% in methanol) respectively at 100°C for 5 min. The samples were immediately cooled on ice for 10 min and fatty acid methyl esters (FAMES) were collected twice in 2 and 1.5 ml hexane by shaking for 20 min. The hexane phases were pooled, evaporated with N2 (37°C) and dissolved in 200 ml hexane. Samples were analyzed with an auto system gas chromatograph (Perkin Elmer Clarus 500, US), a Rtx-2330 30 m × 0.25 mm i.d. silica column, a flame ionization detector (270°C) and helium as a carrier gas. FAMES, 1 µL per sample were injected at an initial injector temperature of 250°C. The initial oven temperature was set to 90°C and was increased 3 times. First to 150°C by 13.0°C/min, then to 180°C by 2.9°C/min with an isothermal period of 5 min and finally to 230°C by 4.0°C/min and an isothermal period of 7 min. FFAs were quantified based on a six point calibration curve (200µg/ml-800 µg/ml) using a five component FAMES Mix Standard ME28 (8691.1, Carl Roth, Germany). The concentration of the FFAs was adjusted according to recovery of the internal standard.
Glucose Uptake Using [18F]FDG
We analyzed the cellular uptake of 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG), a radiolabeled glucose analogue, which allows to mimic glucose uptake. [18F]FDG is GLUT-dependently transported into cells mainly via GLUT1 (Wiebe 2001) which is predominantly expressed in C2C12 (Calderhead et al., 1990) and HepG2 cells (Takanaga et al., 2008) and allows to monitor basal glucose uptake. [18F]FDG uptake was investigated at a single time point and by real-time kinetic measurements over 60 min using LigandTracer® Yellow (Ridgeview Instruments, Sweden) (Balber et al., 2019). Briefly, C2C12 (0.16 × 106) and HepG2 (1.2 × 106) cells were seeded into a six well plate and incubated with 4 ml UCB treatment solution for 5 and 24 h followed by 2 h glucose starving in the presence of UCB. 150kBq of [18F]FDG were added to the cells for 1 h at 37°C, subsequently, supernatant and cells (accutase) were collected and measured with a gamma counter (Wizard2 ™ 3”, PerkinElmer, USA) for 30 s. Results were expressed relative to a reference adding [18F]FDG to PBS instead of treatment and cells. For the real-time kinetic [18F]FDG measurements, 0.8 × 106 C2C12 and HepG2 cells were seeded onto one half of a 100 × 20 mm cell culture dish, the opposite side was used as a reference. Cells were treated analogue to the six well assay and cell associated radioactivity was measured starting directly after addition of [18F]FDG for 60 min.
Statistical Analysis
Statistical analysis and calculations were completed using IBM SPSS 24 (IBM SPSS Statistics, RRID: SCR_019096). Data distribution was checked based on histograms and box plots. For parametric data One-Way ANOVA and for non-parametric data Kruskal-Wallis test were performed. Alpha was set at p ≤ 0.05 according to Bonferroni.
RESULTS
Exogenous Administration of Unconjugated Bilirubin Increased the Intracellular Unconjugated Bilirubin Content and Was Not Cytotoxic
The exposure of C2C12 and HepG2 cells to 17.1 µM UCB significantly increased the intracellular UCB concentration after 0.5 and 5 h (Figures 1A, B). Consistently, the UCB concentration in the incubation media of both cell lines decreased significantly after 0.5 and 5 h (Figures 1C, D). None of the treatments was cytotoxic to C2C12 or HepG2 cells compared to the vehicle control (Figure 2).
[image: Figure 1]FIGURE 1 | UCB significantly increased the cellular UCB content of (A) C2C12 and (B) HepG2 cells and UCB concentration in the incubation media of (C) C2C12 and (D) HepG2 cells dropped significantly after 0.5 and 5 h. Cells were incubated under (1) hypoglycaemic conditions or (2) with glucose. Data are mean ± SD of four independent replicates, *p ≤ 0.05 and T p ≤ 0.1 compared to cells treated without UCB, compared to media prior incubation or compared to b = the preceding incubation time.
[image: Figure 2]FIGURE 2 | None of the treatments was cytotoxic to C2C12 and HepG2 cells: Cells were incubated (A) at hypoglycaemic conditions for 12 h (C2C12) and 5 h (HepG2) or (B) with glucose for 24 h. Absorbance 485 nm, data are mean ± SD of at least n = 2 (each in sextuplicate).
Unconjugated Bilirubin did Not Change Lipid Accumulation in C2C12 and HepG2 Cells in the Presence of Glucose
First, intracellular lipids and lipid droplet formation upon FFA incubation for 5 h were confirmed via confocal microscopy (Figure 3). In a second step, lipid accumulation was quantified via NR assay. C2C12 and HepG2 cells were exposed to 0.5mM and 1 mM FFAs which significantly increased the content of intracellular lipids in both cell lines compared to vehicle control after 5 and 24 h of incubation. However, the treatment with UCB did not significantly change the basal or the FFA-driven lipid accumulation in C2C12 and HepG2 cells. We only observed a reproducible but non-significant slight reduction in lipid accumulation in all FFA treatments in C2C12 cells (Figure 4). This was somewhat unexpected, however, the treatments were performed in presence of glucose. It is known that skeletal muscle and liver preferentially rely on glucose as energy source upon sufficient glucose availability but switch from glucose toward lipids at hypoglycaemic conditions. Further, people with GS beside having health beneficial lipid blood and anthropometric biomarkers (Wallner et al., 2013; Wagner et al., 2015), also exhibited beneficial changes in glucose metabolism (decreased fasting glucose, insulin and C-peptide) in a more recent study (Mölzer et al., 2016). This could suggest that UCB has effects on the glycaemic response of our cell model masking or overriding changes in lipid metabolism. Therefore, we assessed in a next step basal glucose uptake into C2C12 and HepG2 cells upon UCB treatment by using the radiolabeled glucose analogue [18F]FDG.
[image: Figure 3]FIGURE 3 | Lipid accumulation and lipid droplet formation in C2C12 myotubes Cells were incubated for 5 h, stained with NR and viewed by fluorescence confocal microscopy. Transmission (left), fluorescence (center) images and overlay (right), ex: 488 nm, em: 509–560 nm, no adjustment of gain.
[image: Figure 4]FIGURE 4 | UCB had no significant effect on lipid accumulation in C2C12 and HepG2 cells in the presence of glucose. Cells were exposed to treatments for 0.5, 5 and 24 h. NR fluorescence was adjusted by protein content (rfu/mg/mL) and compared to vehicle control. Data are mean ± SD of n = 3 (each in triplicate). Significant differences according to Bonferroni (***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05) of a = compared to vehicle control and b = UCB treated vs. untreated cells.
Unconjugated Bilirubin Mildly Increased Cellular [18F]FDG Uptake in C2C12 and HepG2 Cells
In C2C12 cells, UCB significantly increased the intracellular [18F]FDG content by 7% after 5 h and by 8% after 24 h (Figures 5A1,B1). Simultaneously, UCB lowered the [18F]FDG concentration in the incubation media significantly by 4% after 24 h (Figure 5B2). Consistent with these observations, cell associated radioactivity derived from [18F]FDG decay was slightly higher in real-time kinetic measurements after exposure of C2C12 cells to UCB for 5 and 24 h (Figure 5A3,B3). In HepG2 cells, UCB increased the intracellular [18F]FDG content by trend by 8% and significantly reduced the [18F]FDG concentration in the media by 7% only after 5 h of incubation (Figure 6A1,A2). In real-time kinetic measurements, cell associated radioactivity derived from [18F]FDG decay was again higher after exposure to UCB for 5 and 24 h (Figure 6A3,B3).
[image: Figure 5]FIGURE 5 | UCB changed [18F]FDG uptake in C2C12 cells. (1) Cellular uptake (%) of [18F]FDG and (2) reduction (%) of [18F]FDG in the supernatant determined by gamma counting after UCB incubation compared to vehicle control (100%) at (A) 5 h and (B) 24 h. Data are mean ± SD of n = 3 (each in triplicate). *p ≤ 0.05, T p ≤ 0.1. (3) Representative [18F]FDG kinetics (0–60min) after UCB/vehicle treatment.
[image: Figure 6]FIGURE 6 | UCB changed [18F]FDG uptake in HepG2 cells. (1) Cellular uptake (%) of [18F]FDG and (2) reduction (%) of [18F]FDG in the supernatant determined by gamma counting after UCB incubation compared to vehicle control (100%) at (A) 5 h and (B) 24 h. Data are mean ± SD of n = 3 (each in triplicate). *p ≤ 0.05, T p ≤ 0.1. (3) Representative [18F]FDG kinetics (0–60 min) after UCB/vehicle treatment.
Unconjugated Bilirubin Decreases Lipid Accumulation in C2C12 and HepG2 Cells at Hypoglycaemic Conditions
In a second batch of experiments the effect of UCB on lipid accumulation was investigated in the absence of glucose with incubation times up to 5 h. We decided to remove glucose 1) due to the effects of UCB on [18F]FDG uptake in our cell model and 2) to challenge lipid catabolism since glucose deprived conditions stimulate the oxidative metabolism as shown in HepG2 cells (Weber et al., 2002). Prior to the lipid accumulation experiment, we confirmed that the UCB uptake was largely unaltered in the absence of glucose compared to glucose conditions and that the treatments were not cytotoxic to the cells (Figures 1A1,B1,C1,D1,2A).
C2C12 cells exposed to 17.1 µM UCB significantly decreased the intracellular lipid accumulation by up to 17% (p ≤ 0.01) compared to vehicle controls at 0.5 and 5 h. In HepG2 cells, UCB significantly decreased lipid accumulation in all treatments after 0.5 and 5 h by up to 23% (p ≤ 0.001), whereas 55 µM UCB further decreased the lipid accumulation compared to 17.1 µM UCB, indicating a dose dependency (Figure 7). Lipid accumulation was also decreased after UCB treatment in C2C12 and HepG2 cells using flow cytometry at hypoglycaemic conditions, in contrast to treatments with glucose (Figures 7, 8, Supplementary Tables S1, S2).
[image: Figure 7]FIGURE 7 | UCB significantly decreased lipid accumulation in C2C12 and HepG2 cells at hypoglycaemic conditions. Cells were exposed to treatments for 0.5 and 5 h. NR fluorescence was adjusted by protein content (rfu/mg/mL) and compared to vehicle control. Data are mean ± SD of n = 3 (each in quadruplicate). ***p ≤ 0.001, **p ≤ 0.01, T p ≤ 0.1 of a = compared to vehicle control and b = compared to UCB treated vs. untreated cells according to Bonferroni.
[image: Figure 8]FIGURE 8 | NR fluorescence indicates a decreased lipid accumulation in C2C12 and HepG2 cells upon UCB exposure. Cells were exposed to the respective treatments for 5 h at hypoglycaemic conditions. Cell associated fluorescence was analyzed by flow cytometry (FL2). The blue (17.1 µM UCB) and green (55 µM UCB) histograms show a shift to the left toward decreased NR fluorescence intensity in comparison to the gray histogram (without UCB). The boxes show the % of cells with a higher NR fluorescence intensity after incubation without UCB, with 17.1 µM or 55 µM UCB. Representative histogram of Supplementary Tables S2 of 50,000 cells.
Unconjugated Bilirubin Slightly Increased Cellular Lipid Uptake
To exclude a decreased lipid uptake as a reason for the decreased lipid accumulation upon UCB treatment, we analyzed the remaining FFA concentrations in the incubation media by gas chromatography. UCB did not change the concentration of PA and OA in the treatments of C2C12 cells, which indicates that UCB did not change the cellular FFA uptake after 0.5 and 5 h under hypoglycaemic conditions (Figure 9). Further investigations of FFA uptake up to 12 h showed that UCB slightly reduced the FFA concentrations by approximately 5% in the incubation media of C2C12 cells at hypoglycaemic conditions in contrast to treatments with glucose (Supplementary Figures S1, S2). In detail, PA dropped by 22% and OA by 10% significantly in the presence of UCB and 1 mM FFA, whereas the drop of PA by 17% and OA by 6% was not significant in the absence of UCB (Supplementary Figure S1). In HepG2 cells, PA and OA concentrations were consistently lower (x̅≈8%) in the presence of UCB over all treatments and incubation times which was significant at 0.5 h. Thus, this data not only excludes that UCB decreases lipid uptake, it also indicates that UCB slightly increases FFA uptake in both cell lines.
[image: Figure 9]FIGURE 9 | UCB slightly increased the FFA uptake of HepG2 cells and did not significantly change the FFA uptake of C2C12 cells. Cells were exposed to the respective treatments for 0.5 and 5 h at hypoglycaemic conditions. The FFA uptake was assessed indirectly by measuring the PA and OA concentrations in the supernatant of both cell lines by gas chromatography. Data are mean ± SD of n = 3 (each in triplicate). *p ≤ 0.05, T p ≤ 0.1 of a = compared to UCB treated vs. untreated cells, of b = compared to the preceding incubation time and of c = compared to the initial concentration of the incubation media.
DISCUSSION
Over the last decade, accumulating evidence has been suggesting a role of mildly elevated systemic bilirubin concentrations in the prevention of metabolic diseases and particularly in DMT2. Epidemiologic studies repeatedly showed a protection against DMT2 at mildly increased blood bilirubin levels (Abbasi et al., 2015; Nano et al., 2016). In case control studies, GS individuals with constant mild hyperbilirubinaemia revealed a reduced fat mass, BMI and blood lipids next to improved insulin resistance, fasting glucose, insulin and C-peptide levels (Wallner et al., 2013; Mölzer et al., 2016). Mice with diet induced obesity displayed an improved insulin sensitivity and reduced body weight and fat mass when treated with bilirubin (Dong et al., 2014; Liu et al., 2015; Gordon et al., 2020). Genetically modified mice with mild hyperbilirubinaemia are resistant to high fat diet induced hepatic steatosis, obesity, hypertriglyceridaemia, glucose intolerance, hyperglycaemia and hyperinsulinaemia due to an increased PPARα activity (Hinds et al., 2017). This evidence indicates that mildly elevated bilirubin levels have a strong DMT2-preventive potential via shaping an improved lipid phenotype. However, the mechanisms of this lipid based diabetes-protective capacity of UCB remain unclear.
The pathogenesis of DMT2 involves ectopic lipid accumulation in tissues that account for most of the insulin-dependent glucose disposal. Studies about the effects of UCB on ectopic lipids are rare, only focused on the liver and show a reduced diet induced hepatic lipid content in the presence of mild hyperbilirubinaemia in mice (Hinds et al., 2017). However, to date there are no experimental studies about the effect of UCB on ectopic lipid deposition in skeletal muscle cells and hepatocytes, cell types that are responsible for the majority of the whole-body glucose uptake. Thus, this study focused on the UCB driven changes of lipid accumulation in C2C12 skeletal muscle cells and HepG2 hepatocytes.
Mild hyperbilirubinaemic conditions (17.1 µM UCB) significantly decreased the intracellular lipid accumulation by up to 17% (p ≤ 0.01) in C2C12 skeletal mouse muscle cells after 0.5 and 5 h. In HepG2 cells, exposure to mildly elevated UCB concentrations in the medium (17.1 and 55 µM) significantly reduced the lipid accumulation by up to 23% (p ≤ 0.001) dose dependently and consistently in all FFA treatments at 0.5 and 5 h of incubation (Figure 7). Simultaneously, a slightly decreased PA and OA concentration in the UCB containing incubation media indicated that UCB slightly increased FFA uptake in both cell lines (Figure 9, Supplementary Figure S1). This confirms that the lipid content in the presence of UCB is reduced not based on a decrease in lipid uptake but rather due to a reduction of intracellular lipids. This strong UCB-induced reduction in lipid accumulation by up to 23% within a short incubation period of max. 5 h suggests that mild hyperbilirubinaemia might considerably lower ectopic lipid accumulation.
In contrast to these experiments that were performed with hypoglycaemic media, UCB had no effect on lipid accumulation or uptake in both cell lines when using glucose at a concentration recommended for both cell lines (Figure 4, Supplementary Figure S2, Table S1). Under hypoglycaemic fasting conditions PPARα and AMPK are activated to upregulate the cellular lipid oxidative metabolism and lipid uptake (Kersten et al., 1999; Towler and Hardie 2007). Thus while in the presence of glucose, our cell model might preferentially metabolize glucose for energy production, the hypoglycaemia activates PPARα and AMPK and forces the cells into the oxidative lipid metabolism. We and other groups showed that the beneficial metabolic profile in mild hyperbilirubinaemia might be PPARα and AMPK dependent (Mölzer et al., 2016; Gordon et al., 2020) and UCB was shown to be an activator of PPARα (Stec et al., 2016). This might explain the differences of lipid accumulation and lipid uptake at varying glucose concentrations (Figures 4, 7, 9, Supplementary Figures S1, S2) and suggests an increased lipid oxidation as a reason for the UCB-induced reduction of lipid accumulation in muscle and liver cells.
Mild hyperbilirubinaemia has been associated with beneficial changes in the blood glucose profile in humans and in mice (Liu et al., 2015, Mölzer et al., 2016, Hinds et al., 2017). Hence, it is possible that UCB increased the glycaemic response of our cell model in the presence of glucose masking or overriding changes in lipid metabolism. UCB had indeed effects on the [18F]FDG uptake in both cell lines which was one of the main reasons why we continued our experiments under hypoglycaemic conditions. These experiments showed a slightly increased [18F]FDG uptake in C2C12 and HepG2 cells, indicating a rise of mainly GLUT1-dependent glucose uptake (Figures 5, 6). To our knowledge there is no other data to date about the effects of UCB on glucose uptake. However, there is one study that observed a significantly increased GLUT4 expression in the muscle cell membrane of bilirubin-treated mice (Dong et al., 2014).
This is the first study that reports a UCB driven decrease in lipid accumulation in skeletal muscle and liver cells, types of tissues that are most affected by ectopic lipid deposition. Lipid accumulation was investigated at varying physiological FFA concentrations considering the level of glucose and was simultaneously compared to the lipid uptake. Another strength of this study was that the uptake and the intracellular presence of UCB was confirmed by HPLC (Figure 1). For future experiments it is necessary to explore the effect of UCB on ectopic lipid deposition in animals or humans to further support our results.
CONCLUSION
Our findings show that UCB considerably decreases lipid accumulation in skeletal muscle and liver cells by up to 23% within a short incubation time of max. 5 h. This suggests that mild hyperbilirubinaemia could lower ectopic lipid deposition, a major key element in the pathogenesis of DMT2. Thus, the reduced ectopic lipid accumulation in skeletal muscle and liver cells could indeed, at least partly explain the reduced insulin resistance in GS and the protective role of mild hyperbilirubinaemia in DMT2.
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Background: Circulating bilirubin is associated with reduced adiposity in human and animal studies. A possible explanation is provided by in vitro data that demonstrates that bilirubin inhibits mitochondrial function and decreases efficient energy production. However, it remains unclear whether hyperbilirubinemic animals have similar perturbed mitochondrial function and whether this is important for regulation of energy homeostasis.
Aim: To investigate the impact of unconjugated hyperbilirubinemia on body composition, and mitochondrial function in hepatic tissue and skeletal muscle.
Materials and Methods: 1) Food intake and bodyweight gain of 14-week old hyperbilirubinemic Gunn (n = 19) and normobilirubinemic littermate (control; n = 19) rats were measured over a 17-day period. 2) Body composition was determined using dual-energy X-ray absorptiometry and by measuring organ and skeletal muscle masses. 3) Mitochondrial function was assessed using high-resolution respirometry of homogenized liver and intact permeabilized extensor digitorum longus and soleus fibers. 4) Liver tissue was flash frozen for later gene (qPCR), protein (Western Blot and citrate synthase activity) and lipid analysis.
Results: Female hyperbilirubinemic rats had significantly reduced fat mass (Gunn: 9.94 ± 5.35 vs. Control: 16.6 ± 6.90 g, p < 0.05) and hepatic triglyceride concentration (Gunn: 2.39 ± 0.92 vs. Control: 4.65 ± 1.67 mg g−1, p < 0.01) compared to normobilirubinemic controls. Furthermore, hyperbilirubinemic rats consumed fewer calories daily (p < 0.01) and were less energetically efficient (Gunn: 8.09 ± 5.75 vs. Control: 14.9 ± 5.10 g bodyweight kcal−1, p < 0.05). Hepatic mitochondria of hyperbilirubinemic rats demonstrated increased flux control ratio (FCR) via complex I and II (CI+II) (Gunn: 0.78 ± 0.16 vs. Control: 0.62 ± 0.09, p < 0.05). Similarly, exogenous addition of 31.3 or 62.5 μM unconjugated bilirubin to control liver homogenates significantly increased CI+II FCR (p < 0.05). Hepatic PGC-1α gene expression was significantly increased in hyperbilirubinemic females while FGF21 and ACOX1 was significantly greater in male hyperbilirubinemic rats (p < 0.05). Finally, hepatic mitochondrial complex IV subunit 1 protein expression was significantly increased in female hyperbilirubinemic rats (p < 0.01).
Conclusions: This is the first study to comprehensively assess body composition, fat metabolism, and mitochondrial function in hyperbilirubinemic rats. Our findings show that hyperbilirubinemia is associated with reduced fat mass, and increased hepatic mitochondrial biogenesis, specifically in female animals, suggesting a dual role of elevated bilirubin and reduced UGT1A1 function on adiposity and body composition.
Keywords: lipids, respiration, metabolism, mitochondria, Gunn rat, triglycerides, unconjugated bilirubin (UCB), hyperbilirubinemia
INTRODUCTION
Bilirubin is a breakdown product of heme catabolism and it is used clinically to assist in diagnosis of liver dysfunction and blood disorders (Fevery, 2008). A central dogma asserts that unconjugated bilirubin (UCB) is toxic due to its potential to accumulate in specific regions of the brain, and induce oxidative stress, mitochondrial dysfunction, and apoptosis (Rodrigues et al., 2002a; Watchko and Tiribelli, 2013). At physiological pH, UCB has strong intramolecular hydrogen bonding that renders it hydrophobic, consequently, in the circulation UCB is solubilized by strong binding to albumin (Rolf and Stern, 1980; Fevery, 2008). Unbound UCB has low aqueous solubility (<70 nM) (Ostrow et al., 2004) and accumulates within hydrophobic regions of lipid membranes, including the mitochondria (Mustafa and King, 1970; Ostrow et al., 2004).
UCB affects mitochondria by increasing permeability, oxidative damage, and uncoupling of the mitochondrial membrane potential (Ostrow et al., 2004; Watchko and Tiribelli, 2013). Rodrigues et al., (2000) demonstrated that incubation of primary rat neurons with UCB induced mitochondrial swelling and membrane permeability, release of cytochrome c, and apoptosis. Spin-labelling investigations have reported that UCB-induced mitochondrial membrane permeability and lipid peroxidation is related to superficial association of UCB to phospholipid bilayers of the inner mitochondrial membrane (Zucker et al., 1992; Rodrigues et al., 2002b). Together, these findings corroborate the prevailing notion that UCB perturbs membrane dynamics by interacting with lipids (Zucker et al., 1992; Rodrigues et al., 2002b).
Skeletal muscle and liver are the major determinants of basal metabolic rate (BMR) contributing to more than 50% of total BMR in rodents (Kummitha et al., 2014). Under physiological conditions, dietary substrates are oxidized primarily by the mitochondrial electron transport chain (ETC) to produce energy in the form of ATP. However, a fraction of this energy produces heat instead of ATP due to a benign rate of proton leak across the inner mitochondrial membrane, known as (unregulated) mitochondrial uncoupling (Divakaruni and Brand, 2011). Therefore, severe uncoupling of the mitochondrial membrane inhibits ATP synthesis and leads to cell death (Busiello et al., 2015). Interestingly, mild uncoupling induced experimentally does not affect ATP synthesis and may help with weight loss and prevention of chronic diseases such as Type 2 Diabetes Mellitus (T2DM) (Busiello et al., 2015). Transgenic mice overexpressing uncoupling proteins such as UCP1 and UCP3 are resistant against obesity and show improved insulin sensitivity when fed a high fat diet (HFD) (Costford et al., 2006; Keipert et al., 2013; Ost et al., 2014).
At high concentrations, UCB uncouples the mitochondrial membrane (Ostrow et al., 2004; Watchko and Tiribelli, 2013). However, whether mildly elevated concentrations of UCB affect mitochondrial function remains unknown and could provide a rational explanation for improved body composition and reduced risk of metabolic syndrome in individuals with increased UCB concentrations (Vitek and Ostrow, 2009; Vaz et al., 2010; Vítek, 2012; Pennell et al., 2019). Interestingly, individuals with Gilbert’s syndrome (GS) who have mildly elevated UCB concentrations (17–80 µM) are protected against cardiovascular diseases (CVDs) and have reduced body mass index (BMI) compared to individuals with normal UCB levels (<17 µM serum UCB) (Bulmer et al., 2013; Bulmer et al., 2018). Generally, the protection of GS individuals from chronic disease is attributed to the antioxidant properties of UCB (Stocker et al., 1987; Neuzil and Stocker, 1994; Bakrania et al., 2016; Bulmer et al., 2018; Shiels et al., 2019). However, few studies have explored the impact of mildly elevated concentrations of UCB on body composition and fewer still have investigated its effect on cellular and mitochondrial metabolism in vivo (Liu et al., 2015; Stec et al., 2016; Zelenka et al., 2016; Seyed Khoei et al., 2018).
Gunn rats have a congenital unconjugated hyperbilirubinemia in the upper range of GS due to the absence of functional UDP-glucuronosyltransferase 1A1 (UGT1A1), which leads to impaired conjugation and elimination of UCB. Therefore, these animals serve as a relevant model to study the effects of unconjugated hyperbilirubinemia on body composition and metabolism. In the present study, we investigated whether Gunn rats had reduced bodyweight, altered body composition, and impaired skeletal muscle and hepatic mitochondrial function compared to normobilirubinemic littermate rats.
MATERIALS AND METHODS
Materials
All consumables were obtained from Sigma-Aldrich (Australia) unless otherwise stated. Chemicals for high-resolution respirometry were obtained from manufacturers as recommended by Oroboros Instruments (Fontana-Ayoub et al., 2016).
Synthesis of Sodium Bilirubinate
Sodium bilirubinate was synthesized in order to make UCB soluble in respiration buffer (Mir06: 280 U mL−1 catalase, 0.5 mM EGTA, 3 mM MgCl2.6H2O, 60 mM K-lactobionate, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM sucrose, and 1 g L−1 bovine serum albumin (BSA), pH 7.1). 2.1 M equivalents of NaOH solution (1.5 mg ml−1 in ethanol) was added to UCB. The mixture was vortexed vigorously and diluted 10-fold with ethanol and evaporated in the dark under vacuum in a rotary evaporator (Maxivac; Labogene, Australia) at 21°C for 4 h. The UCB content of the powder was determined to be >99% of the commercially supplied standard, using high-performance liquid chromatography photodiode array (HPLC:PDA) as previously published (Bulmer et al., 2011).
Animals
Breeding pairs of heterozygote and homozygote Gunn rats on a Wistar background were imported from the Rat Research and Resource Centre (Columbia, MO, United States) and bred to produce both hyperbilirubinemic (homozygote) and normobilirubinemic (heterozygote) Gunn rats. The Gunn rat phenotype was determined based on the presence of jaundice in the first 3 days after birth. Jaundiced Gunn rats were tagged, and their phenotype was confirmed by measuring TBIL concentrations. From herein, animals expressing hyperbilirubinemia are phenotypically defined as “Gunn” rats while littermates with normal bilirubin levels are termed as “normobilirubinemic controls”. Animals were housed in the G26 animal house facility at Griffith University (Gold Coast, Australia) at constant temperature (20°C) and humidity (60%), with a 12 h light: dark cycle. All animals were provided a standard rodent diet (18% Protein Rodent Diet, 18% protein, 6.2% fat; TEKLAD Standard Global, United States) and water ad libitum. All procedures were approved by the Griffith University Animal Ethics Research Committee (MSC/02/17/AEC) prior to experimentation.
Experimental Protocol
Thirty six age-matched rats (∼10 weeks of age; Cohort 1) were separated into four groups based on sex and phenotype: Gunn female (n = 10), Control female (n = 9), Gunn male (n = 9), Control male (n = 8). Gunn animals were hyperbilirubinemic and were compared to normobilirubinemic controls of the same sex. These animals were gradually acclimatized in metabolic cages for 2, 5, then 24 h before entering the protocol. Acclimatized animals entered a 17-days protocol (Day 0–16) and were housed in metabolic cages three times for a period of 24 h at a time, at Day 0, 11, and 15 (11–13 weeks of age) of the protocol. In the metabolic cages, food and water remained available ad libitum and was weighed before and after the animal was housed to determine daily energy intake. Bodyweight was recorded every 2 days from Day 0 in addition to before and after each metabolic cage day. To control for future therapeutic interventions additional procedures (i.p. saline and p.o. water) were conducted as described in Supplementary Material (see Additional procedures). Energy efficiency was calculated by subtracting the final bodyweight at Day 16 from the initial bodyweight at Day 0 and this value was then divided by the calories (kcal) consumed daily [image: image]. Daily calories consumed were calculated from the average food intake across 3 metabolic cage days.
A second cohort (Cohort 2) of rats (Gunn female (n = 11), Control female (n = 11), Gunn male (n = 8), Control male (n = 7)) were bred to similar age (13–14 weeks old) and anesthetized after an overnight fast using 50 mg kg−1 sodium pentobarbitone (Pharmachem, Australia) via an i.p. injection. While anesthetized the animals were placed in a prone position and total body length of each animal was measured using a tape measurer from tip of the nose to the last sacral vertebrae. Anesthetized animals were euthanized by removal of the heart. Blood collected from the chest cavity was centrifuged (2000 g, 10 min, 21°C) and the serum was flash frozen and stored at −80°C for later analysis. Organs and skeletal muscle [soleus and extensor digitorum longus (EDL)] were dissected free from fat and washed in ice cold dPBS (Gibco®, United Kingdom), then patted dry, and weighed on a calibrated balance. Immediately after, a section of liver tissue was flash frozen and stored at −80°C for later analysis. Likewise, a piece of liver, EDL, and soleus were stored in Mir06 (liver) or BIOPS (muscle; 2.77 mM CaK2EGTA, 7.23 mM K2EGTA, 20 mM imidazole, 20 mM taurine, 50 mM MES hydrate, 0.5 mM dithiothreitol, 6.56 mM MgCl2 6H2O, 5.77 mM Na2ATP, 15 mM Na2phosphocreatine, pH 7.1) as described in “High-resolution respirometry”.
Additionally, a third cohort (Cohort 3) of rats (Gunn female (n = 9), Control female (n = 10), Gunn male (n = 7), Control male (n = 17)) were bred to similar age (13–14 weeks old) and scanned using dual-energy X-ray absorptiometry (DEXA) as described in “DEXA scan”.
Finally, a fourth cohort (Cohort 4) of juvenile (3–4 weeks of age) female control rats (n = 5) was euthanized using 50 mg kg−1 sodium pentobarbitone i.p. following an overnight fast and a piece of liver tissue was stored in Mir06 as described in “High-resolution respirometry”.
Analysis of Serum Biochemistry
Serum samples were thawed and analyzed using the COBAS Integra® 400+ (Roche Diagnostics, Australia) for direct reacting bilirubin (BILD2), TBIL (BILT3) and albumin (ALB). All assays were calibrated with appropriate standards (CFAS) and accuracy was checked with appropriate quality controls [precinorm clinchem multi 1 (PCCC1), precinorm clinchem multi 2 (PCCC2)]. All analyses were conducted in duplicate and the average of each parameter reported.
Lipid Extraction
Frozen liver tissue (∼100 mg) was homogenized frozen (with liquid N2) using a mortar and pestle. Lipids were extracted with isopropyl-alcohol at a 50:1 mg: mL ratio of tissue to isopropyl-alcohol as previously published (Hsun-Wei Huang et al., 2006). Homogenates were vortexed vigorously and sonicated for 10 min and then centrifuged (43,000 g, 10 min, 21°C). The supernatant was collected in a separate tube and evaporated using a rotary evaporator at 35°C. Dry pellets were reconstituted in 250 µL of isopropanol and triglycerides were analyzed spectrophotometrically (TRIGL, Roche Diagnostics) on the COBAS Integra 400+ following manufacturer’s instruction.
High-Resolution Respirometry
Liver Homogenate
A small section of liver tissue was dissected from the left lateral lobe and added directly to ice-cold Mir06 buffer. Two to three pieces weighing 8–16 mg of wet-weight (Wd) of dissected liver tissue were transferred (SHREDDER Tube, Pressure BioSciences, United States) and homogenized using a PBI shredder (Shredder SG3 Kit, Pressure BioSciences, MA, United States) as previously published (Larsen et al., 2014). Using the strongest force (position 3) the tissue was shredded for 5 s, followed by medium force (position 2) for 3 s. The homogenate was then diluted into ice-cold Mir06 to a final concentration of 1.3 mg tissue mL−1 and transferred into Oxygraph chambers (Oxygraph-2k; Oroboros Instruments, Austria). After O2 flux stabilized, the substrate-uncoupler-inhibitor titration (SUIT) protocol was utilized to evaluate mitochondrial function described under “Measurement of mitochondrial respiration”.
Permeabilization of Skeletal Muscle Fibers
Mechanical and chemical permeabilization of skeletal muscle was conducted as previously published (Liu et al., 2015). Briefly, after dissection, soleus and EDL were added to BIOPS buffer. 5–7 mg pieces of muscle tissue were used for mechanical isolation of muscle fibers using sharp round-end tweezers. After mechanical isolation, muscle fibers were permeabilized by adding saponin (final concentration 50 μg ml−1) to the BIOPS buffer followed by gentle agitation on an orbital shaker for 30 min on ice. Tissue was then washed in Mir06 for 10 min with gentle agitation on ice. Permeabilized muscle fibers (0.7–1.5 mg Wd) were added to each Oxygraph chamber, with analysis performed in duplicates. Samples were analyzed using two different conditions: first batch of animals (3 per group) were analyzed at air saturation (∼180 µM O2) while the remaining animals were super-oxygenated to 400 µM O2 concentration initially, and oxygen (O2) concentration was maintained above 250 µM using H2O2 and catalase throughout measurement (Doerrier et al., 2018). Respiration parameters did not differ between methods, therefore, all results were combined for the final analysis.
Measurement of Mitochondrial Respiration
Mitochondrial respiration measurements were conducted within 2 h of sample collection at 37°C using three Oxygraph units in parallel containing 2 ml of Mir06 buffer in each chamber. Data acquisition and analysis was conducted using 7.0 DatLab software (Oroboros Instruments). Standard carbohydrate SUIT protocol as previously published (Gnaiger, 2014) was utilized to measure the contribution of carbohydrates to the rate of mitochondrial O2 consumption (O2 flux: pmol s−1) in liver tissue and skeletal muscle of adult female and male rats (see Cohort 2 within “Experimental protocol”). Additionally, the effect of UCB on hepatic mitochondrial function was determined by adding exogenous UCB (31.3, 62.5, and 125 µM) or vehicle (H2O; control) to Oxygraph chambers containing liver homogenate from female control juvenile rats (see Cohort 4 within “Experimental protocol”). All concentrations are represented as final concentrations. The O2 flux of intrinsic uncoupled respiration (LEAK) was measured in the presence of 5 mM pyruvate, 1 mM malate and 10 mM glutamate (PMG). The maximal O2 flux of oxidative phosphorylation (OXPHOS) through complex I (CI OXPHOS) was measured by step-wise titration with 1 mM ADP in the presence of PMG. Lack of increase in O2 flux (<10%) after the addition of cytochrome c confirmed the integrity of the outer mitochondrial membrane. To assess CI+II convergent OXPHOS (CI+II OXPHOS), 10 mM succinate was added in the presence of PMG, cytochrome c, and saturating levels of ADP. The maximum O2 flux of the electron transfer system (ETS) was measured by uncoupling CI+II O2 flux from ATP synthesis (noncoupled state) by step-wise titration with 0.5 µM carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP; an extrinsic uncoupler). Noncoupled maximal respiration of complex II (CII ETS) was measured by inhibiting complex I with rotenone (0.5 µM) and residual O2 flux (ROX) was measured by inhibiting mitochondrial respiration with 2.5 mM antimycin (AMA). All O2 flux measurements were corrected for ROX and tissue mass (pmol mg−1 s−1) or citrate synthase (pmol s−1 ng−1 CS). Flux control ratios (FCRs) were calculated by normalizing the O2 flux of the electron pathways (i.e. LEAK, OXPHOS and CII ETS) to a common reference state (OXPHOS or ETS).
DEXA Scan
Dual-energy X-ray absorptiometry (DEXA) (XR-36 Quickscan densitometer 4.2.4/2.3.1, software version 2.5.3a; Norland Medical Systems, Inc. United States) was conducted on a subgroup of adult Gunn and normobilirubinemic control rats (15 weeks of age). Animals were anesthetized using ketamine (50 mg kg−1) and xylazine (3 mg kg−1) mixture in a 50:30 ratio via i. p. injection and placed in a prone position in the DEXA machine. Bone mineral density (BMD), total mass, lean mass, and fat mass was collected for each animal and all scans were performed at 1.5 × 1.5 mm resolution at 60 mm s−1 in small animal mode.
Citrate Synthase
Citrate synthase (CS) activity was measured as previously published (Eigentler et al., 2015). Briefly, hepatic tissue collected from Oxygraph chambers, hepatic homogenates (see Western blot analysis), or CS standard (#C3260) were mixed with 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB; #D8130), acetyl CoA (#A2181) and oxaloacetic acid (#O4126) in a 96-well plate, and the reaction was monitored at 412 nm over 30 min in a spectrophotometer (ThermoFisher Scientific, Australia). All samples were analyzed in duplicate and the average absorbance was used to calculate CS activity or the amount of CS protein using the specific activity equation #6 as previously published (Eigentler et al., 2015).
Real-Time Quantitative Polymerase Chain Reaction (qPCR)
RNA extraction, cDNA synthesis, and qPCR were conducted according to the Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines (Bustin et al., 2009). Briefly, liver samples (∼10 mg) stored in RNAlater (Invitrogen, Australia) were homogenized and RNA was extracted using a RNAeasy mini kit (Qiagen, Australia) according to manufacturer’s guidelines. The RNA concentration and quality (260/280 and 260/230 nm) were measured using a Nanodrop 1,000 spectrophotometer (ThermoFisher Scientific). Complementary DNA (cDNA) was synthesized from RNA using iScript gDNA clear cDNA synthesis kit (Bio-Rad, Australia) following manufacturer’s protocol and stored at −20°C for later analysis. qPCR was conducted using KiCqStart™ predesigned primers (Sigma-Aldrich) and QuantiNova SYBR® green master mix (Qiagen) on StepOne™ real-time PCR systems (Applied Biosystems, Australia) following manufacturer’s instruction (PCR initial heat activation: 2 min at 95°C; Denaturation: 40 cycles of 95°C for 5 s per cycle; Combined annealing/extension: 40 cycles of 60°C for 10 s per cycle). All data acquisition was conducted with StepOnePlus™ (v2.3). Gene expression was calculated according to the 2−ΔΔCq method. β-2-microglobulin was stable across group and was used as the reference gene for normalizing gene expression. The list of primers is provided in the Supplementary Table S1.
Western Blot Analysis
Frozen liver samples were homogenized by shearing tissue through 18, 21 and then 23G needles in CelLytic MT Cell Lysis buffer (2.5:50 mg/μL; #C3228) in the presence of protease inhibitor (#P8340) and phosphatase inhibitor (#ab201114, Abcam, Australia) as per manufacturer’s protocol. Tissue supernatant was generated by centrifugation (4,000 g, 10 min, 4°C) and standardized based on protein concentration using the Pierce BCA Protein Assay Kit (ThermoFisher Scientific) as per manufacturer’s protocol. Samples were prepared in Laemmli 2X buffer (#S3401) at 1:1 ratio and were heated for 30 min at 37°C (mitochondrial protein targets) or 5 min at 95°C (AMPK), prior to loading. Proteins (10–25 µg) were separated on 12% SDS-PAGE using TGX™ FastCast™ gels (#1610175, Bio-Rad). Following electrophoresis, proteins were transferred onto 0.45 µm polyvinylidene fluoride membranes (PVDF; #IPFL0010, Millipore, Australia) for 1–2 h on ice in Towbin buffer (25 mM Tris, 192 mM glycine, and 20% (v/v) methanol) for AMPK proteins or CAPS buffer (10 mM CAPS and 10% (v/v) methanol, pH 11) for mitochondrial protein targets. Following transfer, membranes were blocked with Odyssey Blocking Buffer (Millenium Science, Australia) and incubated with primary antibodies (subunits of mitochondrial respiratory complexes, #ab110413 (Abcam); p-AMPK, #ab133448 (Abcam); AMPK, #ab80039 (Abcam); GAPDH, #14C10 (Cell Signaling, Australia)) with gentle agitation overnight at 4°C. Finally, membranes were incubated with secondary antibodies (#IRDye 680 or #IRDye 800CW, LI-COR, Australia) for 1 h with gentle agitation at room temperature and visualized using Odyssey CLX (LI-COR). Densitometry analysis of mitochondrial respiratory complexes was normalized to GAPDH while p-AMPK was normalized as a ratio to total AMPK (Image Studio Lite version 5.2; LI-COR).
Statistical Analysis
All values are expressed as mean ± (standard deviation), while multiple linear regression data are presented as un-standardized regression coefficients and 95% confidence intervals. Multicollinearity in multiple linear regression was ruled out by a variance inflation factor (VIF) of less than 5. Data was tested for normality and homogeneity of variance with Kolmogorov-Smirnov and Spearman tests, respectively. Comparisons were performed between phenotypes from the same sex using unpaired t-tests. When data failed normality or equality of variance, nonparametric Mann–Whitney test and Welch’s correction were used, respectively. The dose-dependent effect of UCB on mitochondrial respiration was compared using repeated measures two-way ANOVA with Bonferroni’s post-hoc test comparing the effect of UCB treatment to control (vehicle) on each respiratory state (e.g. CI OXPHOS and CI+II OXPHOS). Statistical analysis was performed in GraphPad PRISM (v8.2) and p < 0.05 was considered significant.
RESULTS
Phenotype
Breeding pairs produced similar distribution of heterozygote controls (normobilirubinemic) and homozygote Gunn (hyperbilirubinemic) rats over 7 litters (Supplementary Table S2; NS). Serum TBIL concentrations were significantly greater in Gunn rats compared to controls (p < 0.001, Table 1).
TABLE 1 | TBIL concentrations and body composition of hyperbilirubinemic and normobilirubinemic rats. Bold values represent statistically significant p-values (< 0.05). The non-bold values are non-significant p-values (i.e. > 0.05).
[image: Table 1]Body Composition
A total of 16 homozygote Gunn and 27 heterozygote controls were scanned using DEXA to determine body composition (Table 1). Both male and female Gunn rats had significantly lower bodyweight (p < 0.001) and lean mass (p < 0.01) when compared to controls (Table 1). Female Gunn rats had significantly lower body length (p < 0.001), fat mass (p < 0.05), and liver triglyceride concentration (p < 0.01) compared to female controls (Table 1). Male and female Gunn rats had significantly lower soleus and EDL muscle mass compared to littermate controls (p < 0.01; Table 1).
Organ Weights
There were no significant differences in liver mass between groups (Table 2). Heart and lung mass were only significantly reduced (p < 0.001) in female Gunn rats when compared to controls, with a trend toward reduced heart (p = 0.07) and lung (p = 0.14) mass in male Gunn rats (Table 2). Only female Gunn rats had significantly reduced kidney mass (p < 0.001), however, all Gunn rats presented a trend toward a reduced spleen mass (p = 0.15 and p = 0.05, respectively) compared to controls (Table 2). Additional organ masses are presented in Table 2. Organ masses expressed relative to bodyweight are provided in Supplementary Table S3.
TABLE 2 | Organ weights of hyperbilirubinemic and normobilirubinemic rats. Bold values represent statistically significant p-values (< 0.05). The non-bold values are non-significant p-values (i.e. > 0.05).
[image: Table 2]Multiple Linear Regression of Organ Weights
In order to differentiate the effects of the hyperbilirubinemic phenotype (condition) from bodyweight on organ mass, multiple linear regression was conducted with organ mass as a dependent variable while bodyweight and the presence/absence of hyperbilirubinemia were used as independent variables. In male rats, bodyweight significantly and positively predicted all organ and skeletal muscle weights (p < 0.01) while the hyperbilirubinemic phenotype was a significant negative predictor of soleus and EDL mass (p < 0.05, Table 3). In females, bodyweight and the hyperbilirubinemic phenotype significantly and positively predicted liver mass (p < 0.001), however, only the hyperbilirubinemic phenotype was a significant negative predictor of kidney mass (p < 0.01, Table 3). Additionally, bodyweight was a significant positive predictor of soleus and EDL mass in females (p < 0.05. Table 3). In the second analysis, data from both sexes were combined, which demonstrated that bodyweight was a significant positive predictor for all organ and skeletal muscle masses (p < 0.001, Table 3). Conversely, the hyperbilirubinemic phenotype was a significant positive predictor for liver and kidney mass (p < 0.001), and a negative predictor for soleus and EDL mass (p < 0.05, Table 3).
TABLE 3 | Multiple linear regression of the effect of bodyweight and the hyperbilirubinemic phenotype on organ weights and skeletal muscle. Bold values represent statistically significant p-values (< 0.05). The non-bold values are non-significant p-values (i.e. > 0.05).
[image: Table 3]Energy Balance
Body mass and food intake were measured over a 17-day period. Female Gunn rats gained significantly less bodyweight and consumed significantly fewer energy daily compared to controls (p < 0.01, Table 4). In contrast, there was no difference in bodyweight gain and food intake in male Gunn rats compared to controls (Table 4). Bodyweight gain relative to energy intake (energetic efficiency) was significantly reduced in female Gunn rats compared to controls (p < 0.05), however, no difference existed in males (Table 4).
TABLE 4 | Food intake, bodyweight gain, and energy efficiency of hyperbilirubinemic rats and their normobilirubinemic littermates. Bold values represent statistically significant p-values (< 0.05). The non-bold values are non-significant p-values (i.e. > 0.05).
[image: Table 4]Liver and Skeletal Muscle Mitochondrial Function
Given that reduced energetic efficiency was reported in female Gunn rats (Table 4), the effect of acute UCB on mitochondrial function was investigated in vitro. Exogenous UCB was added to female control (normobilirubinemic) liver tissue and the dose-dependent effect of UCB on mitochondrial function was assessed (Figure 1). At the highest concentration (125 µM), UCB significantly inhibited LEAK, CI and CI+II OXPHOS respiration when compared to control (p < 0.001 and p < 0.05, respectively; Figure 1A). Furthermore, 31.3 and 125 µM UCB significantly inhibited CI+II ETS and CII ETS compared to control (p < 0.01 and p < 0.001, respectively; Figure 1A). The flux control ratio (FCR) of CI+II OXPHOS was significantly reduced by 31.3 and 62.5 µM UCB compared to control (p < 0.05 and p < 0.01, respectively; Figure 1C). O2 flux following cytochrome c addition was significantly increased with 125 µM UCB compared to control (p < 0.05; Figure 1D).
[image: Figure 1]FIGURE 1 | Effect of exogenous UCB on mitochondrial function in juvenile control (normobilirubinemic) liver tissue (n = 5). Mitochondrial respiratory states are identified as intrinsic uncoupling measured in the absence of ADP (LEAK), OXPHOS capacity measured at saturating levels of ADP via CI (CIP) or CI+CII (CI+IIP) and noncoupled respiratory capacity (ETS and CIIETS). (A, B) The rate of respiratory states evaluated based on O2 consumption per mass of tissue at varying UCB concentrations. (C) Respiratory states expressed relative to a common reference state (ETS). (D) Evaluating mitochondrial outer membrane integrity by the addition of cytochrome c, represented as % change in O2 consumption relative to before cytochrome c addition. CI, CII, mitochondrial respiratory chain Complex I and Complex II, respectively; ETS, electron transfer system; ROX, residual O2 consumption; UCB, unconjugated bilirubin. p < 0.05*, <0.01**, <0.001*** compared to control+H2O. ns: non-significant.
To assess whether similar effects observed in vitro with exogenous UCB were recapitulated in adult hyperbilirubinemic Gunn rats, mitochondrial function was assessed in fresh liver tissue. No significant change in O2 flux (LEAK, OXPHOS, or ETS) was found between Gunn rats and controls, when normalized to liver mass or citrate synthase activity (Figures 2, 3). However, CI+II OXPHOS FCR was significantly increased in female Gunn rats compared to controls (p < 0.05; Figure 2B).
[image: Figure 2]FIGURE 2 | Mitochondrial function in adult female Gunn (hyperbilirubinemic) and control (normobilirubinemic) liver tissue. Mitochondrial respiratory states are identified as intrinsic uncoupling measured in the absence of ADP (LEAK), OXPHOS capacity measured at saturating levels of ADP via CI (CIP) or CI+CII (CI+IIP) and noncoupled respiratory capacity (ETS and CIIETS). (A, D) The rate of respiratory states evaluated based on O2 consumption per mass of tissue. (B) Respiratory states expressed relative to a common reference state (ETS). (C) The rate of respiratory states evaluated based on O2 consumption per protein of citrate synthase. CI, CII, mitochondrial respiratory chain Complex I and Complex II, respectively; ETS, electron transfer system; ROX, residual O2 consumption. p < 0.05*, <0.01**, <0.001*** compared to control. ns: non-significant.
[image: Figure 3]FIGURE 3 | Mitochondrial function in adult male Gunn (hyperbilirubinemic) and control (normobilirubinemic) liver tissue. Mitochondrial respiratory states are identified as intrinsic uncoupling measured in the absence of ADP (LEAK), OXPHOS capacity measured at saturating levels of ADP via CI (CIP) or CI+CII (CI+IIP) and noncoupled respiratory capacity (ETS and CIIETS). (A, D) Respiratory states evaluated based on O2 consumption per mass of tissue. (B) The rate of respiratory states expressed relative to a common reference state (ETS). (C) The rate of respiratory states evaluated based on O2 consumption per protein of citrate synthase. CI, CII, mitochondrial respiratory chain Complex I and Complex II, respectively; ETS, electron transfer system; ROX, residual O2 consumption. p < 0.05*, <0.01**, <0.001*** compared to control. ns: non-significant.
There was no difference in O2 flux (LEAK, OXPHOS, or ETS) between Gunn and control rats for soleus or EDL (Figures 4, 5). Since CI+II OXPHOS represented the maximum O2 flux (greater than ETS) in skeletal muscle, CI+II OXPHOS instead of ETS was used as a reference state to calculate FCRs. FCRs were not significantly different across groups in soleus or EDL (Figures 4, 5). Gunn rats did not significantly differ in O2 flux after addition of cytochrome c compared to controls in liver or skeletal muscle (data not shown).
[image: Figure 4]FIGURE 4 | Mitochondrial function in adult female (A, B) and male (C, D) Gunn (hyperbilirubinemic) and control (normobilirubinemic) permeabilized soleus fibers. Mitochondrial respiratory states are identified as intrinsic uncoupling measured in the absence of ADP (LEAK), OXPHOS capacity measured at saturating levels of ADP via CI (CIP), CII (CIIP), and CI+II (CI+IIP), and noncoupled respiratory capacity (ETS). (A, C) The rate of respiratory states evaluated based on O2 consumption per mass of tissue. (B, D) Respiratory states expressed relative to a common reference state (CI+IIP). CI, CII, mitochondrial respiratory chain Complex I and Complex II, respectively; ETS, electron transfer system; p < 0.05*, <0.01**, <0.001*** compared to control. ns: non-significant.
[image: Figure 5]FIGURE 5 | Mitochondrial function in adult female (A, B) and male (C, D) Gunn (hyperbilirubinemic) and control (normobilirubinemic) permeabilized EDL fibers. Mitochondrial respiratory states are identified as intrinsic uncoupling measured in the absence of ADP (LEAK), OXPHOS capacity measured at saturating levels of ADP via CI (CIP), CII (CIIP), and CI+II (CI+IIP), and noncoupled respiratory capacity (ETS). (A, C) The rate of respiratory states evaluated based on O2 consumption per mass of tissue. (B, D) Respiratory states expressed relative to a common reference state (CI+IIP). CI, CII, mitochondrial respiratory chain Complex I and Complex II, respectively; ETS, electron transfer system; EDL, Extensor digitorum longus. p < 0.05*, <0.01**, <0.001*** compared to control. ns: non-significant.
Gene Expression Related to Fatty Acid Metabolism and PPARα Activity
Genes related to mitochondrial β-oxidation [Acyl-CoA dehydrogenase, very long chain (ACADVL) and hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex subunit alpha (HADHA)], fatty acid transport [carnitine palmitoyltransferase 1A (CPT1a)], fatty acid synthesis [fatty acid synthase (FASN)] and peroxisome proliferator-activated receptor alpha (PPARα) activity [fibroblast growth factor 21 (FGF21) and acyl-CoA oxidase 1 (ACOX1)] were measured using qPCR in hepatic tissue. ACADVL and HADHA showed a non-significant (p = 0.06 and p = 0.15, respectively; Figures 6B,C) trend toward increased expression in female Gunn compared to control rats. There was no difference in gene expression related to fatty acid metabolism between male Gunn and control rats (Figures 6A–D). ACOX1 expression tended to increase (p = 0.05) while FGF21 was not different in female Gunn vs. control rats (Figures 6E,F). In contrast, expression of FGF21 and ACOX1 were significantly greater in male Gunn compared to control rats (p < 0.05; Figures 6E,F).
[image: Figure 6]FIGURE 6 | Hepatic gene expression related to fatty acid metabolism and PPARα activity in adult Gunn (hyperbilirubinemic) and control (normobilirubinemic) rats. Data are presented as mean ± standard error of the mean (SEM). CPT1a, carnitine palmitoyltransferase 1A; ACADVL, acyl-CoA dehydrogenase, very long chain; HADHA, hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex subunit alpha; FASN, fatty acid synthase; FGF21, fibroblast growth factor 21; ACOX1, acyl-CoA oxidase 1. p < 0.05*, <0.01**, <0.001*** compared to control. ns: non-significant.
Gene Expression Related to Mitochondrial Biogenesis
Genes that regulate mitochondrial biogenesis were measured using qPCR in hepatic tissue. Peroxisome proliferative activated receptor gamma coactivator 1 alpha (PGC-1α) expression was significantly (p < 0.01; Figure 7A) increased with nuclear respiratory factor 1 (NRF1) tending to increase (p = 0.09; Figure 7B) in female Gunn vs. control rats. In comparison, PGC-1α tended to increase (p = 0.11; Figure 7A) with no change in NRF1 (Figure 7B) in male Gunn compared to control rats.
[image: Figure 7]FIGURE 7 | Hepatic gene expression related to mitochondrial biogenesis in adult Gunn (hyperbilirubinemic) and control (normobilirubinemic) rats. Data are presented as mean ± standard error of the mean (SEM). PGC-1α, peroxisome proliferative activated receptor gamma coactivator 1 alpha; NRF1, nuclear respiratory factor 1. p < 0.05*, <0.01**, <0.001*** compared to control. ns: non-significant.
Expression of Subunits Specific to Hepatic Mitochondrial Respiratory Complexes
Finally, hepatic mitochondrial quantity and quality were evaluated by measuring the relative expression of subunits specific to mitochondrial respiratory complexes (complex I (CI) subunit NDUFB8, complex II (CII) subunit SDHB, complex III (CIII) core protein 2, complex IV (CIV) subunit 1, complex V (CV) subunit alpha) using western blot. There was significantly greater expression of CIV subunit 1 in female Gunn rats when compared to controls (p < 0.01; Figure 8D). No significant differences in the expression of subunits specific to mitochondrial complexes were observed in male Gunn vs. control rats (Figure 8).
[image: Figure 8]FIGURE 8 | Mitochondrial quality and density assessed by western blot in adult Gunn (hyperbilirubinemic) and control (normobilirubinemic) liver tissue. (A–E) Protein extracts from liver tissue were investigated for protein expression of subunits representing mitochondrial respiratory complexes (CI-V) adjusted for a loading control (GAPDH). (F) Example western blot analysis of subunits of mitochondrial complexes. CI, complex I subunit NDUFB8; CII, complex II subunit SDHB; CIII, complex III core protein 2; CIV, complex IV subunit 1; CV, complex V subunit alpha. p < 0.05*, <0.01**, <0.001*** compared to control. ns: non-significant.
Hepatic Citrate Synthase Activity and AMPK Expression
Citrate synthase activity was measured as a crude indicator of mitochondrial density in liver homogenates of adult Gunn and control rats. There were no differences in citrate synthase activity between groups (Figure 9A). Phosphorylated AMP-activated protein kinase (pAMPK) relative to total AMPK was measured as an indirect marker of the AMP to ATP ratios and the energetic state of liver tissue. Ratios of pAMPK:AMPK were unchanged across groups (Figure 9B).
[image: Figure 9]FIGURE 9 | Hepatic mitochondrial density measured by citrate synthase activity and energetic state assessed using pAMPK:AMPK ratios in adult Gunn (hyperbilirubinemic) and control (normobilirubinemic) liver tissue. (A) Citrate synthase activity measured in protein extracts from liver tissue standardized for total protein. (B) Phosphorylated AMPK expression over total AMPK measured using Western blot. AMPK, AMP-activated protein kinase; pAMPK, phosphorylated AMPK. p < 0.05*, <0.01**, <0.001*** compared to control. ns: non-significant.
DISCUSSION
This study presents the first comprehensive evaluation of body composition and mitochondrial function in an animal model of UGT1A1 mutation and unconjugated hyperbilirubinemia. Greater hepatic CI+II OXPHOS FCR, increased PGC-1α and CIV subunit 1 expression were observed in female Gunn rats, suggesting an increase in mitochondrial biogenesis. These findings were associated with lower fat mass and a trend toward increased hepatic mitochondrial β-oxidation gene expression in female Gunn rats. In contrast, exogenous addition of UCB inhibited mitochondrial function, thus, the lack of mitochondrial dysfunction in female Gunn rats may reflect the differences in bilirubin: albumin molar ratios between the two conditions and/or a compensatory mechanism to UCB inhibition. Female Gunn rats had physiological changes at both the whole body (e.g. fat mass) and subcellular (e.g. increased mitochondrial biogenesis) levels; in contrast, we did not observe many of these changes in male Gunn rats, suggesting that reduced UGT1A1 function leads to sexually dimorphic effects on metabolism.
Although previous papers have reported reduced bodyweight in hyperbilirubinemic Gunn rats compared to normobilirubinemic littermates, none have characterized the body composition of these animals (Fu et al., 2010; Boon et al., 2012; Wallner et al., 2013). Significant decrease in lean mass was observed in male and female Gunn rats compared to normobilirubinemic littermates (controls). However, significantly lower total fat mass and body length were only observed in female Gunn rats. Excess body fat relative to bodyweight [fat mass (%)] increases the risk of CVD (Zeng et al., 2012), with female Gunn rats demonstrating a notable non-significant, 26% reduction in fat mass (%) compared to controls (Table 1). Therefore, the change in female Gunn rats may be protective against CVD and this is consistent with epidemiological evidence that reports reduced risk from CVD in individuals with mildly elevated circulating UCB concentrations (Bulmer et al., 2018).
Considering that female Gunn rats had reduced fat mass we investigated whether there were changes to hepatic gene expression related to fatty acid metabolism. Interestingly, there was a notable trend toward increased expression in ACADVL and HADHA (p < 0.15; Figure 6) in female Gunn rats. These data suggest that mitochondrial β-oxidation could be upregulated in female Gunn rats leading to increased fat breakdown (Nguyen et al., 2008). Collectively, increased mitochondrial β-oxidation may account for the reduced energetic efficiency and decreased fat mass in female Gunn rats (Nguyen et al., 2008). On the contrary, there was no change in genes associated with fatty acid metabolism in male Gunn rats which is consistent with the lack of difference in adiposity when compared to male normobilirubinemic controls.
Stec et al. reported that a week of UCB treatment in male normobilirubinemic mice fed a HFD resulted in reduced bodyweight and fat mass (%), with increased lean mass (%) (Stec et al., 2016). Similarly, male mice with chronic hyperbilirubinemia consuming a HFD demonstrated reduced bodyweight, fat mass (%), and liver triglycerides, with increased β-oxidation gene expression when compared to normobilirubinemic controls (Hinds et al., 2017). Interestingly, these studies reported that UCB is an endogenous agonist of PPARα with the lipid-reducing effects of UCB being mediated through this nuclear receptor (Stec et al., 2016; Hinds et al., 2017). Therefore, these studies suggest that UCB is an endogenous regulator of fat metabolism and support the present results of reduced fat mass and elevated β-oxidation gene expression in a rat model of hyperbilirubinemia.
To determine whether PPARα activity was also increased in Gunn rats we investigated the expression of downstream gene targets ACOX1 and FGF21 (Rakhshandehroo et al., 2010). Although ACOX1 expression was non-significantly (p = 0.05; Figure 6) three-fold greater in female Gunn rats there was no change in FGF21 expression. In comparison, ACOX1 and FGF21 gene expression were significantly upregulated in male Gunn rats (Figure 6). These data suggest that PPARα activity is potentially increased in male but not in female Gunn rats. It is unknown whether Stec and colleagues (Stec et al., 2016; Hinds et al., 2017) found similar sexual dimorphism in PPARα activation in hyperbilirubinemic animals because their findings were reported in male mice. However, studies investigating the effectiveness of PPARα agonists such as fenofibrate demonstrated diminished activity of this receptor in ovary intact and ovariectomized mice treated with estrogen. These mice also demonstrated decreased ACOX1 expression and attenuated fatty acid oxidation compared to estrogen poor ovariectomized mice (Yoon et al., 2002; Jeong and Yoon, 2007). Therefore, discrepancy in PPARα activity between male and female Gunn rats could potentially be determined by sexual dimorphism in the function of this receptor.
BMR contributes ∼65% of daily energy expenditure, which is proportional to lean mass and its composition (Dulloo et al., 2010). Although organs constitute a small fraction of lean mass, they determine the majority of BMR (70–90% organs vs 13–20% skeletal muscle) (Holliday et al., 1967; Even et al., 2001; Kummitha et al., 2014). In mice, the liver alone accounts for 50% of BMR while constituting only 6.2% of bodyweight (Kummitha et al., 2014). Intriguingly, organs from female Gunn rats were generally lighter than controls, however, when corrected for bodyweight were significantly heavier (Table 2 and Supplementary Table S3). Toxicity studies show that the relationship of organ mass to bodyweight is nonlinear for some organs, thus, correction for bodyweight can introduce error and misrepresent the effect of the condition/treatment on organ masses (Bailey et al., 2004). To avoid this limitation, we applied multiple linear regression to separate the effects of bodyweight from phenotype on organ masses. This analysis revealed that on average the liver mass was heavier by 2.44 g while kidney mass was lighter by 0.15 g in female Gunn rats independent of bodyweight (Table 3). This is the first study to demonstrate an association of hyperbilirubinemia/UGT1A1 impairment with organ masses. Considering that organs are more metabolically active than other forms of lean mass, larger liver mass in female Gunn rats may indicate greater BMR in these animals which would in turn explain their reduced energetic efficiency and decreased bodyweight (Table 1 and 4) (Holliday et al., 1967; Even et al., 2001; Kummitha et al., 2014). Interestingly, Hinds et al. reported that the daily rate of O2 consumption (VO2) was not different in male hyperbilirubinemic mice compared to controls, however, it remains to be investigated in female hyperbilirubinemic animals (Hinds et al., 2017). Higher voluntary physical activity is another possible reason for the leaner phenotype in Gunn rats. This conclusion is supported by data showing that 3–4 month old male Gunn rats had reduced bodyweight and traveled 23–160% more distance compared to normobilirubinemic littermates (Stanford et al., 2015). However, a lack of measurements on the energy expenditure in Gunn rats precludes the ability to determine the cause of reduced bodyweight in these animals.
To explore the possibility of greater BMR we investigated mitochondrial function in several tissues. UCB has traditionally been described as toxic to mitochondria because it uncouples oxidative phosphorylation and induces membrane permeabilisation (Noir et al., 1972; Zucker et al., 1992; Rodrigues et al., 2000, Rodrigues et al., 2002b; Jiang and Wang, 2004). For instance, 20–40 µM of UCB reduced state 3 (submaximal oxidative phosphorylation) respiration by 50% with a corresponding increase in the rate of LEAK respiration (uncoupled mitochondrial respiration) via CI and CII in isolated rat mitochondria (Noir et al., 1972). In the present study, exogenous UCB addition to control liver tissue induced dose-dependent inhibition of ETS, and inhibited OXPHOS at concentrations of 125 µM UCB (see Figure 1A) which is above the reference range and potentially toxic in humans (Jansen, 1999). Furthermore, 125 µM UCB affected the membrane integrity of mitochondria, as demonstrated by a 59% increase in O2 flux with cytochrome c addition (Figure 1D) and may indicate that UCB induces apoptosis at this concentration through the mitochondrial pathway. This is consistent with previous studies that show that UCB increases mitochondrial membrane permeability and induces release of cytochrome c/apoptosis (Rodrigues et al., 2000; Rodrigues et al., 2002b; Naveenkumar et al., 2015).
Surprisingly, the rate of LEAK respiration was not affected by UCB, nor was OXPHOS inhibited at concentrations less than 125 µM (Figure 1A). This is contrary to previous studies that demonstrate an uncoupling effect of UCB on respiration and inhibition of oxidative phosphorylation in the presence of 10–100 µM UCB (Mustafa et al., 1969; Noir et al., 1972). This inconsistency may be explained by the concentration of albumin used in experimental models, as albumin avidly binds UCB and limits its diffusion into mitochondria (Vitek and Ostrow, 2009). For example, in the absence of albumin, free UCB induces mitochondrial uncoupling, however, it has no effect on mitochondrial function at 1:1 UCB: albumin molar ratios (Mustafa et al., 1969; Noir et al., 1972). This study used a final albumin concentration of 15 µM (1 g L−1) with UCB: albumin molar ratios that are greater than 1, indicating that significant mitochondrial dysfunction was induced above a 8:1 UCB: albumin ratio (125 µM UCB). These molar ratios are higher than that found in vivo in the circulation of Gunn rats and would likely lead to greater UCB transfer and accumulation into the tissue (Odell, 1966). Understanding the physiological importance of this finding remains an important research question requiring further investigation of variable tissue UCB concentrations.
The impact of UCB on mitochondrial function has been investigated extensively in vitro. However, few studies have evaluated mitochondrial function in hyperbilirubinemic animals, and these investigations report inconsistent results (Fritz-Niggli, 1968; Celier et al., 1992; Zelenka et al., 2016). Celier et al., (1992) showed that isolated hepatic mitochondria from male Gunn and wild type control rats (8 weeks of age) have comparable state 3 O2 flux and respiratory control ratios (RCRs). Conversely, Fritz-Niggli (1968) reported reductions in P/O ratios in male and female Gunn rats compared to Sprague–Dawley controls in isolated hepatic mitochondria indicating that Gunn rats have reduced capacity for oxidative phosphorylation. It is important to note that the serum bilirubin concentrations of the Gunn rats from Fritz-Niggli (1968) ranged between 115–240 μM, whilst those within this study approximated 80–100 µM (Table 1). These bilirubin concentrations are more likely to affect mitochondrial function and may contribute to the discrepancies between studies (Rossi et al., 2005). Unlike the other two studies that report no change or a decline in mitochondrial function, Zelenka et al., (2016) demonstrated that O2 flux of isolated hepatic mitochondria from aged (12–18 months old) Gunn rats was greater when compared to normobilirubinemic siblings. In the present study we did not report any changes to mitochondrial O2 flux (relative to tissue mass or citrate synthase activity) in hepatic tissue or skeletal muscle between adult (∼3.5 months old) hyperbilirubinemic Gunn and normobilirubinemic littermates which is in agreement with Celier et al., (1992). Inconsistent findings between studies could be caused by differences in the degree of hyperbilirubinemia—although this cannot be confirmed because bilirubin concentrations were not reported outside of Fritz-Niggli (1968)—methods employed, and the age of the animals studied. Considering that this is the first study of hyperbilirubinemic rats to measure mitochondrial function in additional tissue (i.e. skeletal muscle) beyond the liver, it gives us confidence that the degree of hyperbilirubinemia reported in this model does not influence mitochondrial O2 flux.
Conversely, CI+II OXPHOS relative to ETS (CI+II OXPHOS FCR) was significantly greater in hepatic tissue of female Gunn rats (Figure 2B) and this was also observed when liver tissue of normobilirubinemic female rats was treated with 31 or 62.5 µM exogenous UCB (Figure 1C). O2 flux is affected by mitochondrial density and mitochondrial quality (i.e. function per individual mitochondria). Therefore, FCRs such as OXPHOS: ETS ratios, eliminate the influence of mitochondrial density allowing the study of qualitative changes in the electron transfer pathways involved in the electron transfer system (Gnaiger, 2014). Increased CI+II OXPHOS FCR indicates that hepatic mitochondria in female Gunn rats are working closer to their maximal oxidative capacity and may indicate greater mitochondrial energy efficiency (Gnaiger, 2014; Holland et al., 2018). Increased OXPHOS respiration, without a change in ETS, reflects greater coupling of mitochondrial respiration to ATP synthesis (i.e. greater mitochondrial efficiency) and causes a reduction in reserve oxidative capacity (Lemieux et al., 2011; Gnaiger, 2014; Greggio et al., 2017; Holland et al., 2018). Conversely, enzymatic defects in mitochondrial respiratory complexes (CI-IV), independent of ATP synthesis, limits ETS respiration and reduces reserve oxidative capacity (Lemieux et al., 2011; Gnaiger, 2014). Female Gunn rats demonstrated a small non-significant increase in CI+II OXPHOS and a decrease in ETS (Figure 2). Therefore, these results suggest that the reason of increased hepatic CI+II OXPHOS FCR in female Gunn rats was due to a combination of improved mitochondrial efficiency and enzymatic dysfunction.
Although, a similar effect was reported when control liver tissue was treated with exogenous UCB (31 or 62.5 µM), reduction in reserve oxidative capacity in this instance was likely caused by UCB-mediated inhibition of mitochondrial respiratory complexes. Exogenous UCB treatment dose-dependently inhibited ETS causing an increase in CI+II OXPHOS FCR (Figure 1A). Therefore, reduction in ETS respiration suggests that UCB inhibits activity of one or more of the mitochondrial complexes (Lemieux et al., 2011; Gnaiger, 2014). This conclusion is supported by a study showing that UCB inhibits CIV activity by 18–20% in liver tissue at 1:2 UCB: albumin molar ratios (Malik et al., 2010). Since this study employed UCB: albumin molar ratios greater than 1:2, exogenous UCB treatment likely inhibited CIV activity in liver tissue causing a reduction in ETS capacity.
To explore further potential mechanisms that could explain the reduced adiposity in female Gunn rats, we measured hepatic gene expression related to mitochondrial biogenesis. PGC-1α is a co-activator that interacts with transcription factors to modulate gene expression of mitochondrial biogenesis and fatty acid metabolism (Scarpulla, 2011). For instance, PGC-1a induces NRF1 gene expression and interacts with NRF1 protein to induce mitochondrial biogenesis (Wu et al., 1999). PGC-1α expression was significantly increased in female Gunn rats with a similar trend (p = 0.11) in male Gunn rats compared to controls (Figure 7). Furthermore, we found a near two-fold (non-significant, p = 0.09) increase in NRF1 expression in female Gunn rats which is consistent with elevated PGC-1α expression (Figure 7). Therefore, elevated PGC-1α and NRF1 gene expression suggests that there is increased hepatic mitochondrial biogenesis in female Gunn rats (Scarpulla, 2011).
To evaluate the possibility of increased mitochondrial biogenesis in Gunn rats, we measured citrate synthase activity and the protein expression of subunits representative of mitochondrial respiratory complexes in liver tissue. Although there was no change in citrate synthase activity, there was a significant increase in CIV subunit 1 expression in female Gunn rats. Elevated CIV subunit 1 expression is consistent with greater PGC-1α and NRF1 expression indicating that there may be increased hepatic mitochondrial biogenesis in female Gunn rats. Considering that UCB can inhibit CIV activity, greater CIV subunit 1 expression in female Gunn rats could represent a compensatory mechanism to UCB-mediated inhibition (Vaz et al., 2010; Malik et al., 2010). Surprisingly, a similar effect was not observed in male Gunn rats suggesting that changes to CIV subunit 1 expression could be caused by other factors. In addition to UCB, UGT1A1 is an important enzyme for 17β-estradiol conjugation and excretion through the hepatobiliary route (Zhou et al., 2011; Sambasivarao, 2013). Consequently, UGT1A1 impairment in female Gunn rats potentially increases estrogen concentrations, however, this remains to be determined. Galmés-Pascual et al., (2017) demonstrated that 17β-estradiol administration in ovariectomized rats increased hepatic CIV activity and protein expression. Furthermore, incubating HepG2 cells with 17β-estradiol increases CIV expression and ATP levels compared to non-treated cells (Galmés-Pascual et al., 2017). Although pAMPK:AMPK ratios were not different, CIV subunit 1 expression was increased in female Gunn rats, indicating that 17β-estradiol levels may be elevated in this animal model, and requires assessment in future studies.
CONCLUSION
Hyperbilirubinemic Gunn rats displayed a strong sexually dimorphic effect on body composition, fatty acid metabolism, and hepatic mitochondrial biogenesis. While all Gunn rats demonstrated reduced bodyweight and lean mass compared to normobilirubinemic controls, only females had reduced fat mass and hepatic triglyceride concentrations with a trend toward increased β-oxidation gene expression. Reduced fat mass could potentially be explained by elevated hepatic β-oxidation, reduced food intake, differences in lean mass constitution, or increase in hepatic mitochondrial biogenesis. Female Gunn rats demonstrated increased hepatic CI+II OXPHOS FCR and this was associated with elevated PGC-1α and greater CIV subunit 1 expression which could have developed as an adaptive response to UCB-mediated inhibition. The absence of significant effects in male Gunn rats suggests an interaction with reproductive hormones including estrogen and warrants further investigation.
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Background: Unconjugated bilirubin (UCB) is more than the final product of heme catabolism. Mildly elevated systemic bilirubin concentrations, such as in Gilbert syndrome (GS), protect against various oxidative stress-mediated and metabolic diseases, including cardiovascular disease, type 2 diabetes mellitus, metabolic syndrome, cancer, and age-related disease. The Gunn rat is an animal model of hereditary hyperbilirubinemia widely used in assessing the effect of high serum bilirubin concentration in various organs. The present work aims to understand if life-long hyperbilirubinemia and bilirubin-priming might contribute to protection against atherosclerosis and diabetic nephropathy (DN) at the cellular level.
Methods: Primary aortic endothelial cells and podocytes obtained from hyperbilirubinemic homozygous jj and normobilirubinemic heterozygous Nj Gunn rats were exposed to Palmitic Acid (PA) and Angiotensin II (Ang II), respectively, and the effects on cell viability and the activation of damage-related metabolic pathways evaluated. Results were validated on immortalized H5V and HK2 cells exposed to damage after UCB pretreatment.
Results: In both primary cell models, cells obtained from jj Gunn rats showed as significantly higher than Nj Gunn rats at any dose of the toxic agent. Reduction in CHOP expression and IL-6 release was observed in jj primary aortic endothelial cells exposed to PA compared to Nj cells. The same occurred on H5V pretreated with Unconjugated bilirubin. Upon Ang II treatment, primary podocytes from jj Gunn rats showed lower DNA fragmentation, cleaved caspase-3, and cleaved PARP induction than primary podocytes from Nj Gunn rats. In HK2 cells, the induction by Ang II of HIF-1α and LOXl2 was significantly reduced by UCB pretreatment.
Conclusion: Our data suggest that in models of atherosclerosis and DN life–long hyperbilirubinemia exposure or bilirubin-priming significantly contribute to decrease the injury by enhancing thecellular defensive response,
Keywords: Bilirubin, life-long hyperbilirubinemia, metabolic damage, apoptosis, inflammation, fibrosis, ER-stress
INTRODUCTION
Unconjugated bilirubin (UCB) is the final product of the heme catabolic pathway in the intravascular compartment. UCB is transported in the blood tightly bound to serum albumin before being taken up by the hepatocytes, where it is conjugated. The UCB fraction unbound to albumin (so-called free bilirubin, Bf) represents less than 0.1% and determines the biological properties of this pigment (Ahlfors et al., 2009). Bilirubin behavior in a human body has two faces, similar to the Janus Bifrons, a Roman god (Bianco et al., 2020). Elevated serum UCB concentration, and in particular the Bf fraction, exposes newborns to the risk of neurotoxicity (Watchko and Tiribelli, 2013). Conversely, mildly elevated systemic bilirubin concentrations, such as in Gilbert syndrome (GS) (Bosma et al., 1995), protect against various oxidative stress-mediated and metabolic disorders including cardiovascular disease, type 2 diabetes mellitus, metabolic syndrome, cancer, and age-related disease (Wagner et al., 2015; Vitek et al., 2018). These broad metabolic effects depend on the potent antioxidant activities, anti-inflammatory and immunomodulatory effects (Gazzin et al., 2016), and the recently described endocrine activity of UCB (Hinds Terry and Stec David, 2018; Hinds and Stec, 2019; Creeden et al., 2020; Vítek, 2020).
The partial deficiency of hepatic bilirubin UDP glucuronosyl transferase (UGT1A1) enzyme described in Gilbert patients, increases the unconjugated bilirubin level from 10µM (0.6mg/dl) to 20–70µM (1–5mg/dl) without any sign of liver damage (Vítek and Ostrow, 2009; Wagner et al., 2015). The Gunn rat is a model of hereditary hyperbilirubinemia widely used in assessing the effect of high serum bilirubin concentration in various organs. UCB concentration in hyperbilirubinemic homozygous jj Gunn rats (jj) serum (approximately from 2.42 to 7.36mg/dl) (Boon et al., 2012; Vianello et al., 2018) overlaps with elevated bilirubin concentrations seen in Gilbert subjects (Vítek et al., 2002; Bulmer et al., 2008; Boon et al., 2012). The UCB concentration in various organs and tissues of adult jj Gunn rats is higher than the normobilirubinemic heterozygous Nj Gunn rats (Nj) littermates. The UCB tissue content differs 131 fold in the myocardium (12.3ng/mg of tissue in jj vs. 0.093ng/mg of tissue in Nj) and 144 fold in the kidney (19.3ng/mg of tissue in jj vs. 0.134ng/mg of tissue in Nj) (Zelenka et al., 2008). The hyperbilirubinemia shown by jj Gunn rat is associated with marked anti-inflammatory (Wang et al., 2004), antiproliferative (Ollinger et al., 2005), antihypertensive (Pflueger et al., 2005), blood lipid-modulating properties (Wallner et al., 2013) and with fewer signs of cellular senescence (Zelenka et al., 2016). Moderate hyperbilirubinemia was demonstrated to lower (Ang II)–dependent hypertension by a mechanism that is partially dependent on the inhibition of superoxide production in vivo (Stec et al., 2013).
Atherosclerosis represents the major cause of cardiovascular diseases and it is caused by a combination of immune and inflammatory conditions leading to arterial wall injury (Zhang and Kaufman, 2008; Kang et al., 2014). The accumulation of cholesterol and free fatty acids (FFAs) in the ER membranes of macrophages causes calcium release, UPR activation, and CHOP-induced apoptosis (Feng et al., 2003). Palmitic acid (PA) plays an important role in the development of atherosclerosis (Wu et al., 2014) due to its abundance as saturated fatty acid in FFAs (Lambertucci et al., 2008). The accumulation of PA in macrophages activates different transcriptional factors such as NF-κB, thereby inducing the expression of genes encoding inflammatory cytokines including TNF-α and IL-6 (Zhang and Kaufman, 2008; Mazzone et al., 2009).
Diabetic nephropathy (DN) is a complication of diabetes mellitus and it is the leading cause of end-stage renal disease. The final effects of DN involve endothelial injury, tubulointerstitial fibrosis, and podocyte detachment and apoptosis (Maezawa et al., 2015). Angiotensin II (Ang II) has been commonly used in in vitro modeling of DN as a pathophysiological mediator that mimics the disease (Slyne et al., 2015). HIF-1α was recently identified as a promoter of kidney fibrosis (Haase, 2012) and has been demonstrated that its activation stimulates collagen accumulation and inflammatory cell recruitment in experimental model of CKD (Higgins et al., 2007; Kimura et al., 2008; Wang et al., 2011). While hypoxia is the main stimulus for HIF activation, Ang II have also been shown to activate HIF-1α (Patten et al., 2010). LOXl2 is considered an element of pro-fibrotic HIF-1α pathway contributing to tubulointerstitial fibrosis development (Schietke et al., 2010). The early pathological changes of DN include podocyte apoptosis (Kume and Koya, 2015). Cleavage of PARP by caspase-3 is considered a hallmark of apoptosis (Jagtap and Szabó, 2005).
The present work aimed to understand if life-long hyperbilirubinemia and bilirubin-priming might have a protective effect in in vitro models of atherosclerosis and DN. The use of cellular models might help us to unravel the mechanisms associated with protection from renal injury and metabolic syndrome. Cells obtained from hyperbilirubinemic jj and normobilirubinemic Nj Gunn rats were exposed to damage in the absence of UCB. ER-stress and inflammation activation were evaluated on primary aortic endothelial cells exposed to PA to mimic atherosclerosis. Cell death by apoptosis was studied on primary podocytes exposed to Ang II to mimic diabetic nephropathy. Results were also validated on immortalized cell lines pretreated with UCB (bilirubin-priming) and then exposed to damage.
MATERIALS AND METHODS
Primary Cultures of Rat Podocytes and Aortic Endothelial Cells
Rats used in the project were born in the animal facility of the University of Trieste and animal handling was approved by the Ethics Committee for Animal Experimentation (OPBA) of the University of Trieste (NO1487BEL19) in compliance with the Italian regulation (D.L.vo 26/2014) and the Directive 2010/63/EU of the European Parliament. Hyperbilirubinemic jj and normobilirubinemic Nj Gunn rats were obtained by breeding a male homozygote (jj) with a female heterozygote (Nj). Rats were anesthetized by intraperitoneal injection of Zoletin (60mg/Kg) and Xylazine (40mg/Kg) and successively sacrificed through decapitation. 90% of rats used were male, but we did not distinguish between males and females, Rats were sacrificed when reached a weight around 200gr, corresponding to 8weeks for males and 10weeks for females..
The kidneys were extracted and conserved in d-glucose (5.5mM) Dulbecco’s Modified Eagle’s Medium (DMEM) and Ham’s F12 medium (Euroclone S. p.A., Milano, Italy) in the ratio 1:1 on ice; Bowman’s capsule was removed by pliers (Rush et al., 2018) and the cortical region of the organ was cut into thin strips. Glomeruli were collected in 50ml DMEM/F12 solution using filters with different sizes (80, 100, and 300 meshes) (Sigma-Aldrich, St. Louis MO, United States) and a pestle. They were then centrifuged at 136g for 5minat room temperature. The pellet was seeded in the 25cm2 culture flasks pre-coated with collagen type IV (Sigma-Aldrich, St. Louis MO, United States). Glomeruli were left in the incubator at 37°C in 5% CO2 humidified atmosphere in a medium composed by DMEM low glucose and Ham’s F12 media (1:1) supplemented with a final concentration of decomplemented 10% (v/v) FBS, 1% penicillin/streptomycin solution (penicillin G (100U/mL), streptomycin (100mg/ml)), l-glutamine (2mmol/L), bovine insulin (5mg/ml), 5μg/ml holo-transferrin (5mg/ml), sodium selenite (5ng/ml) and hydrocortisone (5ng/ml) (Sigma-Aldrich, St. Louis MO, United States) (Zennaro et al., 2014). After 4/5days of incubation podocytes began to emerge and grow out from the glomeruli and, once reached 70–80% of confluence, they were detached using trypsin-EDTA (Euroclone S.p.A., Milano, Italy) and scraper, and collected using a 40-mesh filter. Finally, they were seeded in the 25cm2 culture flasks pre-coated with collagen type IV (Sigma-Aldrich, St. Louis MO, United States).
The aorta was extracted and conserved in Human Endothelial serum-free medium GIBCO (Life Technologies, Monza, Italy). The aorta (approximately 2cm long) was cleaned from fat tissue, cut into two halves longitudinally, and digested by collagenase type II (2mg/ml) (Worthington Industries, OH, United States). After collagenase treatment, endothelial cells removed from the aorta were collected by centrifugation and suspended in 10ml of Human Endothelial medium GIBCO (Life Technologies, Monza, Italy) supplemented with a final concentration of 10% FBS, EGF (10ng/ml), bFGF 20ng/ml, and 1% penicillin/streptomycin solution (penicillin G (100U/mL) in 5 wells (2ml/well) of 6-multiwell coated with gelatin. After 1h of incubation at 37°C, the supernatant containing endothelial cells was re-seeded in another well. Then aortic endothelial cells were isolated and characterized by magnetic beads coated with CD31 (BD Biosciences, San Jose, CA), a characteristic marker for endothelial cells (Liu et al., 2008).
Immortalized Cell Culture
HK2, an immortalized human proximal tubular epithelial cell line (kindly provided by Prof. R. Bulla, Department of Life Sciences, University of Trieste), was cultured in DMEM low glucose and Ham’s F12 media (1:1) supplemented with a final concentration of decomplemented 5% (v/v) FBS, 1% penicillin/streptomycin solution (penicillin G (100U/mL), streptomycin (100mg/ml)), l-glutamine (2mmol/L), bovine insulin (5mg/ml), holo-transferrin (5mg/ml), sodium selenite (5ng/ml), hydrocortisone (5ng/ml), EGF (10ng/ml), T3 (5pg/ml), and PGE (15pg/ml).
H5V, murine heart endothelial cells transformed by polyomavirus middle T-antigen (kindly provided by Istituto Mario Negri, Milan, Italy) were grown in DMEM low glucose containing a final concentration of 10% (v/v) FBS, 1% penicillin/streptomycin solution (penicillin G (100U/mL), streptomycin (100mg/ml)), and l-glutamine (2mmol/L).
Once reached 80% of confluence, both the cell lines were employed for the experimental studies as described below.
Treatments
UCB Treatment
UCB (Sigma-Aldrich, St. Louis MO, United States) was purified as previously described (McDonagh and Assisi, 1972) and dissolved in DMSO to reach a final concentration of 6mM. To reach the final concentrations desired, UCB was serially diluted with DMSO and then with a growth medium. All UCB treatments were performed in the presence of BSA 30µM. The solvent was always 0.1% (v/v) in all bilirubin concentrations used. DMSO 0.1% was used to treat control cells. H5V and HK2 UCB pretreatment were performed in cell culture medium in the presence of BSA 30μM with total UCB concentrations of 1.25 and 2.5μM. According to Roca et al. (2006), these concentration correspond to a Bf < 15nM and = 15nM, respectively. These concentrations of Bf were chosen since they are similar to the plasma Bf levels found in humans with mild unconjugated hyperbilirubinemia (Jacobsen and Wennberg, 1974; Nelson et al., 1974).
Angiotensin II Treatment
Human Angiotensin II (Sigma-Aldrich, St. Louis MO, United States) was reconstituted with phosphate-buffered saline (PBS) at the concentration of 1mg/ml. The range of angiotensin II concentration used in the experiments ranged from 0.01µM up to 10µM and all treatments required 24h (Chen et al., 2017).
Palmitic Acid Preparation and Treatment
Palmitic acid (PA) 0.1M stock solutions were prepared by dissolving fatty acid-free (FFAs) in DMSO. The cells were exposed for 24h. Since albumin played a crucial role in determining the FFAs available concentration, the BSA concentration was kept fixed at 75µM. The FFAs were complexed with bovine serum albumin at a different molar ratio. The medium containing BSA 75µM was aliquoted to set up various BSA/PA ratios (1:1, 1:2, 1:3, 1:4, 1:5, 1:6). DMSO solution was used as control and its final concentration never exceeded 0.1%.
Cytotoxicity Test (PI) and Metabolic Activity Test (MTT)
Both the cytotoxicity test and metabolic activity test were performed in black 96-well plates. Propidium iodide (PI) (Sigma-Aldrich, St. Louis MO, United States) was solubilized in PBS to a final concentration of 50μg/ml. After 60min of incubation at 37°C, the initial fluorescence intensity due to the dead cells was measured using a multiplate reader (EnSpire 2300, PerkinElmer, MA, United States). The excitation and the emission wavelengths were 530 and 620nm, respectively. After the measurement, Triton X-100at a final concentration of 0.6% was added to each well to permeabilize the cells and let PI label cell nuclei. After 30min of incubation on ice, fluorescence intensity was re-measured to obtain a value corresponding to the total cells. The percentage of dead cells was calculated as the proportion of fluorescence intensity of dead cells to that of total cells.
Metabolic activity was determined by assessing the reduction of 3 (4,5-dimethyl thiazolyl-2)-2,5 diphenyl tetrazolium (MTT, Sigma-Aldrich, St. Louis MO, United States) to formazan by succinate dehydrogenase, a mitochondrial enzyme. In brief, a stock solution of MTT was prepared in PBS (5mg/ml) and then diluted to 0.5mg/ml in the cell medium. Cells were incubated with the cell medium containing MTT for 1hat 37°C. At the end of the incubation time, the insoluble formazan crystals were dissolved in 100µL of DMSO. Absorbance was determined at 562nm by using a multiplate reader (EnSpire 2300, PerkinElmer). The results were expressed as the percentage of control cells not exposed to UCB, which were considered as being 100% viable. It is important to note that MTT test is a quantitative colorimetric assay to detect the survival and proliferation rate of living cells (Mosmann, 1983).
Total Protein Extractions, Quantification, and Western Blot Analysis
Cells were treated when they reached a confluence of approximately 80%. Total proteins were extracted by lysing the cells in an ice-cold cell lysis buffer (Cell Signaling Technology, MA, United States). The protein concentration was determined by the bicinchoninic acid protein assay (BCA) according to manufacturer’s instructions. Equal amounts of protein were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes (Bio-Rad Laboratories, CA, United States). Membranes were blocked in 4% milk or 4% BSA in T-TBS (0.2% Tween 20, 20 mMTris–HCl (pH 7.5) and 500 mMNaCl) and incubated overnight at 4°C with the primary antibodies: Anti-HIF-1α antibody (GeneTex, CA, United States), Anti-LOXl2 antibody (CUSABIO Technology LLC, TX, United States), Anti-PARP antibody (Cell Signaling Technology, MA, United States), Anti-CHOP antibody (Invitrogen, Carlsbad, United States) Anti-Caspase-3antibody (Pro and Cleaved forms) (Thermo Fisher Scientific, MA, United States) and antiα-Actin (Sigma-Aldrich, St. Louis MO, United States). Membranes were then incubated with anti-rabbit or anti-mouse secondary antibodies (Dako Laboratories, CA, United States). Protein bands were detected by peroxide reaction using ECL Plus Western Blot detection system solutions (ECL Plus Western Blot detection reagents, GE-Healthcare Bio-Sciences). The relative intensity of protein bands was scanned and analyzed using the C-DiGit® Blot Scanner—LI-COR (Biosciences). The optical density of the bands of interest was normalized to α-Actin and represented as relative to DMSO-treated cells.
Immunofluorescence
Podocytes were seeded onto appropriate glass coverslips pre-coated with poly-l-lysine (Sigma Aldrich, United States) and fixed with 4% paraformaldehyde. A permeabilization step was performed using 0.5% Triton X-100 for 5min. After being blocked with 5% bovine serum albumin (BSA) in PBS-T + 0.1% Tween 20 for 60minat room temperature, the coverslips were incubated with the primary antibody rabbit anti-nephrin (Sigma-Aldrich, St. Louis MO, United States) or anti-Cleaved Caspase-3 antibody (Elabscience, TX, United States) overnight at 4°C. The coverslips were washed thoroughly in PBS and incubated with Alexa Fluor 546 goat anti-rabbit (Invitrogen, Carlsbad, CA, United States) in the dark for 1hat room temperature. After appropriate washes, cell nuclei were stained with Hoechst 33,328 (Sigma-Aldrich, St. Louis MO, United States) at room temperature. Cells were mounted with Fluorescent Mounting Media (Calbiochem, San Diego, CA, United States) and images were acquired using a Leica DM 2000 microscope equipped with an appropriate filter to cover both the excitation and emission wavelengths of Alexa Fluor 546 and Hoechst 33,328. In each experimental setting, images were captured with identical light exposure parameters and aperture settings.
TUNEL Assay
For in situ detection of DNA fragmentation, the Click-iT ™ Plus TUNEL Assay was used following the manufacturer’s protocol (Thermo Fisher Scientific, MA, United States).
IL-6 ELISA
The supernatants of H5V and Aortic endothelial primary cells were collected and subjected to ELISA analysis using Mouse IL-6 ELISA KIT (Diaclone, Besançon, Francia) and Rat IL-6 ELISA KIT (Thermo Fisher Scientific, MA, United States) respectively, following the manufacturer’s instructions.
Statistical Analysis
GraphPad Prism 5 software (GraphPad, San Diego, CA, United States) was used to perform statistical analysis. A statistically significant difference between two data sets was assessed by unpaired two-tailed Student’s t-test. Data were obtained from at least three independent experiments and were expressed as mean ± SD. Significance was graphically indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001.
RESULTS
PA and Angiotensin II Impact on Cell Viability in Nj and jj Primary Cells
Aortic endothelial cells harvested from Nj and jj Gunn rats were treated for 24h with increasing doses of PA ranging from 75μM up to 450μM in the presence of 75μM BSA. As shown in Figure 1A, upon 75μMPA Nj cells showed a 30% reduction of their viability of as compared to 15–20% jj cells ’. A significantly higher (*p < 0.05, ***p < 0.001) viability of jj-derived was found at any PA concentration.
[image: Figure 1]FIGURE 1 | Effect of PA and Ang II treatments on cell viability (MTT test) in normobilirubinemic (Nj) and hyperbiliruninemic (jj) primary cells. (A) Aortic endothelial primary cells were exposed to increasing PA concentrations (from 75 to 450µM in the presence of 75µM BSA) for 24h. Cells treated with complete growth medium were considered 100% of viability. Data were expressed as mean ± SD of six independent experiments. (B) Primary podocytes were exposed to the Ang II 0.01, 0.1, and 1µM for 24h. Cells treated with complete growth medium were considered 100% of viability. Data were expressed as mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
Primary podocyte characterization by immunofluorescence indicated a highly elevated level of nephrin protein with a plasma membrane and perinuclear co-localization (Supplementary Figure S1). The viability of primary podocytes exposed to Ang II 0.01, 0.1, and 1μM for 24h (Figure 1B) was significantly (**p < 0.01, ***p < 0.001) reduced at any Ang II concentration (20–25% vs. 10–15% in Nj and jj podocytes.)
The effect of bilirubin priming on cell viability was also evaluated on immortalized cell lines. Heart endothelial cells (H5V) were first exposed to 1.25 or 2.5µM UCB for 16h and then exposed to increasing doses of PA for 24h. As shown in Figure2 panel A and B, while PA treatment reduced cell viability by approximately 50% and increased cell death up to 20%, UCB pretreatment increased cell viability and reduced the cell death rate. Immortalized human proximal tubular epithelial cells (HK-2) were exposed to increasing Ang II concentration (0.01–10µM for 24h). Even if Ang II treatment affected podocytes cell viability, as expected (Baker and Kumar, 2006), there was no change on HK2 cell viability or cell mortality compared to control, when exposed to Ang II (Supplementary Figures S2A and S2B).
[image: Figure 2]FIGURE 2 | The effect of UCB pretreatment in PA-induced damage on immortalized H5Vcells. H5Vcells were pre-incubated with UCB 1.25 or 2.5μM or DMSO 0.1% (as control) in the presence of BSA 30µM for 16h. At the end of incubation, UCB was removed and H5Vcells were treated with PA 300μM for 24h. (A) UCB effect on cell viability was measured by MTT. The viability of control cells was considered 100%. (B) UCB effect on cell death detected by PI assay. The percentage of dead cells was calculated as the proportion of fluorescence intensity of dead cells to that of total cells. (C) Representative Western Blot for CHOP and α-Actin. (D) The optical density of each band was normalized to α-Actin and represented as relative to control cells. (E) ELISA quantification of IL-6 release in the cell medium. Results were expressed as relative to control cells release, considered as one. Data were expressed as mean ± SD of at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
PA Impact on CHOP Activation and IL-6 Release in Nj and jj Aortic Endothelial Primary Cells
We investigated the metabolic pathways involved in aortic endothelial cell viability focusing on ER stress and inflammation. Primary endothelial Nj and jj cells were treated with PA 300 and 450μM for 24h. A significant up-regulation of CHOP protein was observed after 24h of incubation with PA 300 and 450μM only in Nj aortic endothelial cells (p < 0.05). Conversely, the same treatment on jj showed a significant decrease in CHOP protein level (p < 0.05) (Figures 3A,B). A boost in IL-6 production upon PA 300µM and PA 450µM treatments was observed only in Nj cells, while cells from jj rats showed a significant decrease in IL-6 release (p < 0.001). The IL-6 release in the cell medium by jj cells was significantly lower than that released by cells from Nj rats (p < 0.001) (Figure 3C).
[image: Figure 3]FIGURE 3 | PA impact on CHOP activation and IL-6 release in normobilirubinemic (Nj) and hyperbiliruninemic (jj) aortic endothelial primary cells. Aortic endothelial cells were treated with PA 300 or 450μM or DMSO (as control) in the presence of BSA 75μM for 24h. (A) Representative Western Blot for CHOP and α-Actin. (B) The optical density of each band was normalized to α-Actin and represented as relative to control cells. (C) ELISA quantification of IL-6 release in the cell medium. Results were expressed as relative to control cells release, considered as one. Data were expressed as mean ± SD of at least three independent experiments. Significativity was calculated compared to the control or between samples indicated with bars at each sampling concentration point. *p < 0.05, **p < 0.01, ***p < 0.001.
Similar results were observed in H5Vcells. Cells were first treated with UCB1.25 or 2.5µM for 16h and then exposed to PA 300µM for 24h. 300μMPA treatment significantly increased the expression level of CHOP protein (p < 0.01) while UCB pretreatment restores it to the control level (Figures 2C,D). Similarly, UCB pretreatment significantly (p < 0.05) reduced PA 300µM increase of IL-6 release (Figure 2E).
Angiotensin II Impact on Apoptosis Activation in Nj and jj Podocyte Primary Cells
Treatment with Ang II 0.01, 0.1, and 1µM for 24h showed a significant increase in the number of apoptotic podocytes in both genotypes, as detected by TUNEL assay (Figure 4A). However, the extent of Ang II-induced apoptosis was greater in podocytes harvested from Nj rats compared to the podocytes of jj rats at each Ang II concentration tested (Figure 4B). In normobilirubinemic podocytes, Ang II treatment induced a dose-dependent increase in cleaved caspase-3 expression assessed by immunofluorescence. Conversely, only 1µM Ang II significantly increased the expression of cleaved caspase-3 in jj podocytes (p < 0.001). Caspase-3 activation significantly (p < 0.01) differed between the two genotypes upon all Ang II treatments (Figures 5A,B). Due to the limited yield of total protein obtained from primary podocyte cultures, WB analysis was performed only on Ang II 0.01 and 0.1µM treatments for cleaved PARP and cleaved caspase-3 (Figure 5C). Both treatments induced an almost two-fold increase in the protein level of activated caspase-3 only in cells from Nj rats, while the expression remained similar to control levels in podocytes from jj rats (Figure 5D). The cleaved PARP expression was slightly induced in podocytes from Nj rats, while its expression is reduced compared to control cells in podocytes from jj rats (Figure 5E).
[image: Figure 4]FIGURE 4 | TUNEL staining of normobilirubinemic (Nj) and hyperbiliruninemic (jj) Gunn rat primary podocytes exposed to Ang II treatments. Primary podocytes were exposed to Ang II 0.01, 0.1, and 1µM for 24h. Cells treated with complete growth medium were considered as control. (A) Apoptotic cells were detected by TUNEL assay. Green fluorescence indicated TUNEL-positive and blue indicated Hoechst nuclear dye. Magnification ×40. Scale bar 50µm. (B) Quantification of fluorescence intensity. The fluorescence intensity was quantified using ImageJ and displayed as corrected total cell fluorescence (CTCF). Results shown represented the mean ± SD of three independent experiments. Significativity was calculated compared to the control or between samples indicated with bars at each sampling concentration point. *p < 0.05, **p < 0.01, ***p < 0.001.
[image: Figure 5]FIGURE 5 | Activation of apoptosis signaling by Ang II in normobilirubinemic (Nj) and hyperbiliruninemic (jj) podocytes primary cells. Primary podocytes were exposed to Ang II 0.01, 0.1, and 1µM for 24h. Cells treated with complete growth medium were considered as control. (A) Representative immunofluorescence (n = 3) images showing immunostaining for cleaved Caspase-3 (red) and Hoechst (blue) for nuclei. Magnification ×20. Scale bar 50µm. (B) Quantification of Cleaved Caspase-3 fluorescence intensity. The fluorescence intensity was quantified using ImageJ and displayed in corrected total cell fluorescence (CTCF). (C) Representative Western blot analysis of cleaved PARP, cleaved caspase-3 and α-Actin expression in total cell lysates. (D) The optical density of cleaved caspase-3 protein from three independent experiments was normalized to α-Actin and represented as relative to untreated cells. (E) The optical density of cleaved PARP protein from three independent experiments was normalized to α-Actin and represented as relative to untreated cells. Significativity was calculated compared to the control or between samples indicated with bars at each sampling concentration point. *p < 0.05, **p < 0.01, ***p < 0.001.
Impact of UCB on Fibrosis Induced by Angiotensin II in Proximal Tubular Epithelial Cells
Ang II is known to induce fibrosis in tubular epithelial cells. A dose-dependent increase of HIF-1α and LOXl2 protein expression was detected on immortalized human proximal tubular epithelial cells (HK-2) exposed to increasing concentration of Ang II for 24h. Treatment with Ang II concentrations 0.5 and 1µM showed a significant (p < 0.05) up-regulation of HIF-1α protein expression while LOXl2 protein expression was significantly (p < 0.05) up-regulated by AngII 0.05µM (Figures 6A,B). Moreover, the effects of Ang II on HIF-1α mRNA expression did not show any variation compared to controls (data not shown). Considering the induction o fHIF-1α and LOXl2 protein by Ang II, we investigated whether UCB pretreatment may influence its expression. Pretreatment with 1.25µM or 2.5 UCB significantly reduced HIF-1α protein induction by AngII in a dose-dependent manner (p < 0.05, p < 0.01). UCB also significantly (p < 0.05) reduced LOXl2 protein to 0.5-fold of control cells (Figures 6C,D). The effect of UCB alone on HIF-1α and LOXl2 protein expression was evaluated by exposing for 24h HK2 cells to a dose-dependent UCB treatment (from 0.6 to 10µM). HIF-1α and LOXl2 expression was reduced by UCB treatment up to 2.5µM, while higher concentration induced their expression (Figures 6E,F).
[image: Figure 6]FIGURE 6 | The impact of UCB on proximal tubular epithelial cells fibrosis induced by Ang II. (A) Representative Western blot analysis of HIF-1a, LOXl2 and α-Actin expression in HK2 cells treated with increasing doses of Ang II for 24h. (B) Theoptical density of each band was normalized to α-Actin and represented as relative to control cells. (C) Representative Western blot analysis of HIF-1α, LOXl2 and α-Actin expression in HK2. Cells were pre-incubated with UCB 1.25 or 2.5μM or DMSO 0.1% in the presence of BSA 30µM for 16h. At the end of incubation, UCB was removed and cells treated with Ang II 1μM for 24h. (D) The optical density of each band was normalized to α-Actin and represented as relative to control cells. (E) Representative Western blot analysis of HIF-1α, LOXl2 and α-Actin expression in HK2 cells treated with increasing doses of UCB for 24h. (F) The optical density of each band was normalized to α-Actin and represented as relative to control cells. Data were expressed as mean ± SD of three independent experiments. Significativity was calculated compared to the control or between samples indicated with bars at each sampling concentration point. **p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
Several studies showed the protective effect of bilirubin against oxidative-stress based disease. In the present work, we assessed if life-long hyperbilirubinemia and bilirubin-priming might significantly contribute to the protection against metabolic insult in vitro. To this goal, we used primary cells obtained from hyperbilirubinemic jj and normobilirubinemic Nj Gunn rats exposed to damaging agents. Primary cells from jj Gunn rats were more viable and less prone to damage compared to cells from Nj Gunn rats, suggesting a modulating activity on cellular signaling of a life-long hyperbilirubinemia. This conclusion was further supported by data obtained in immortalized cell lines pretreated with UCB (bilirubin-priming) and then exposed to damage.
Studies comparing the response to damage between primed and not primed UCB cells are scant. Recently Valaskova et al. showed that the cell viability of primary hepatocytes from jj Gunn rats exposed to TNF-α 100ng/ml was significantly higher than that of primary hepatocytes from Nj Gunn rats (p < 0.05) (Valaskova et al., 2019). Our results expand this observation as we assayed the viability of other primary cell types (podocytes and primary aortic endothelial cells) exposed to increasing concentration of a damaging stimulus (PA and Ang II, respectively). In both cell models and at any toxic agent concentration, the viability of cells derived from jj Gunn rats was significantly higher than that of Nj cells. In line with this, UCB pretreatment in H5V cells exposed to PA reduced the percentage of dead cells and increased cell viability compared to DMSO pretreated cells. Bilirubin activates various nuclear and cytoplasmic receptors, resembling the endocrine activities of hormonal substances. This is true both for the “classic” hepatic nuclear receptors, and for some lesser-explored receptors or other signaling molecules (Vítek, 2020). We previously showed that 24h of bilirubin-priming modulates the glutathione levels in neuroblastoma cells through the induction of the System Xc-, and this renders the cell less prone to oxidative damage (Giraudi et al., 2011).
Bilirubin exerts potent anti-inflammatory and immunomodulatory activities (Jangi et al., 2013) and the interrelation between UCB, ER-Stress, inflammation, and associated cascade of events has been demonstrated (Barateiro et al., 2012). An increasing body of evidence suggests that mildly elevated bilirubin level could control inflammation, both in vitro and in vivo, through the mechanisms involved in NF-κB signaling pathway inhibition as well as the activation of inflammasomes (Li et al., 2020) suppressing the production of pro-inflammatory cytokines (Liu et al., 2008; Adin et al., 2017). We observed a reduced CHOP expression and IL-6 release in jj aortic endothelial primary cells exposed to PA compared to cells from Nj rats. Besides, in immortalized H5V cell line pretreatment with UCB significantly reduced CHOP expression and IL-6 release induced by PA treatment. Of notice, the TNF-α-stimulated nuclear translocation of NF-kβ was inhibited by UCB in H5V cells (Mazzone et al., 2009). Co-treatment with UCB resulted in reducing ER-stress and the subsequent inflammatory response also in in vitro model of gut inflammation (Gundamaraju et al., 2019). The anti-inflammatory and anti-oxidative effects may likely contribute to the protective role of bilirubin on vascular damage (Inoguchi et al., 2016).
Diabetic nephropathy (DN) is a complication of diabetes mellitus and is the leading cause of end-stage renal disease. The final effects of diabetic nephropathy involve endothelial injury, tubule-interstitial fibrosis, and podocytes detachment and apoptosis (Maezawa et al., 2015). Bilirubin provided a nephroprotective effect in different in vivo models as showed by the finding that jj Gunn rats showed significantly lower creatinine compared with Wistar rats at day 5 in a cisplatin nephrotoxicity model (Barabas et al., 2008). In streptozotocin-induced diabetic damage, jj Gunn rats exhibited significantly less urinary albumin excretion, did not develop renal mesangial expansion, and expressed lower levels of TGF-β and fibronectin than diabetic Nj Gunn rats (Fujii et al., 2010). We found that, upon Ang II treatment, primary podocytes from jj Gunn rats showed lower DNA fragmentation, cleaved caspase-3, and cleaved PARP induction than primary podocytes from Nj Gunn rats. Also, on the cyclosporine (CsA)-induced nephropathy rat model, a significantly lower number of apoptotic cells was observed in the bilirubin-treated rat kidneys compared to controls, confirming the bilirubin anti-apoptotic effect (Oh et al., 2013).
Recent studies have proposed for HIF-1α downstream function of a pro-fibrotic signaling cascade stimulated by angiotensin II, leading to epithelial-mesenchymal transition and excessive collagen apposition (Wang et al., 2011). We found that Ang II acts as a pro-fibrotic marker inducing HIF-1α and LOXl2 protein expression in a dose-dependent manner. Expanding the previous evidence (Kim et al., 2014), we showed that bilirubin modulated the expression of the pro-fibrotic marker with double-side behavior. UCB treatment up to 2.5µM decreased HIF-1α and LOXl2 expression compared to control, while higher UCB concentration induced their expression This is due to the extent of intracellular UCB concentration which determines the UCB anti-or pro-oxidant effect (Bianco et al., 2020). HIF-1α and LOXl2 protein induction by Ang II was significantly reduced by UCB pretreatment of 1.25 or 2.5µM corresponding to an antioxidant intracellular UCB concentration (Bianco et al., 2020). Bilirubin has been shown to have an anti-fibrotic effect on cyclosporine (CsA)-induced nephropathy in vivo, given that bilirubin pretreatment significantly improved afferent arteriolopathy, tubulointerstitial fibrosis, and tubular injury compared to the CsA-only treated rats (Oh et al., 2013).
Our data suggest that life–long hyperbilirubinemia exposure and bilirubin-priming significantly contribute to increase cell viability and enhance responses to damage in in vitro models of atherosclerosis and DN. Collectively these findings further support the beneficial effect of bilirubin on different organs.
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Metabolic syndrome (MetS), a complex of interrelated risk factors for cardiovascular disease and diabetes, is comprised of central obesity (increased waist circumference), hyperglycemia, dyslipidemia (high triglyceride blood levels, low high-density lipoprotein blood levels), and increased blood pressure. Oxidative stress, caused by the imbalance between pro-oxidant and endogenous antioxidant systems, is the primary pathological basis of MetS. The major sources of reactive oxygen species (ROS) associated with MetS are nicotinamide-adenine dinucleotide phosphate (NADPH) oxidases and mitochondria. In this review, we summarize the current knowledge regarding the generation of ROS from NADPH oxidases and mitochondria, discuss the NADPH oxidase- and mitochondria-derived ROS signaling and pathophysiological effects, and the interplay between these two major sources of ROS, which leads to chronic inflammation, adipocyte proliferation, insulin resistance, and other metabolic abnormalities. The mechanisms linking MetS and chronic kidney disease are not well known. The role of NADPH oxidases and mitochondria in renal injury in the setting of MetS, particularly the influence of the pyruvate dehydrogenase complex in oxidative stress, inflammation, and subsequent renal injury, is highlighted. Understanding the molecular mechanism(s) underlying MetS may lead to novel therapeutic approaches by targeting the pyruvate dehydrogenase complex in MetS and prevent its sequelae of chronic cardiovascular and renal diseases.
Keywords: metabolic syndrome, mitochondria, nicotinamide-adenine dinucleotide phosphate oxidase, NLRP3, oxidative stress, reactive oxygen species, pyruvate dehydrogenase complex, renal dysfunction
INTRODUCTION
Metabolic syndrome (MetS), a complex of interrelated risk factors for cardiovascular disease and diabetes, is comprised of central obesity (increased waist circumference), hyperglycemia, dyslipidemia (high triglyceride blood levels, low high-density lipoprotein blood levels), and increased blood pressure (Alberti et al., 2009; Nilsson et al., 2019). The presence of three of the five criteria qualifies a diagnosis of MetS: waist circumference ≥102 cm for males and ≥88 cm for females (≥90 cm and ≥80 cm for Asians, respectively); fasting blood glucose ≥5.6 mmol/L or drug treatment for elevated blood glucose; blood triglycerides ≥1.7 mmol/L or drug treatment for elevated blood triglycerides; reduced blood high-density lipoprotein cholesterol (<1.0 mmol/L for females and <1.4 mmol/L for males) or drug treatment for reduced blood high-density lipoprotein cholesterol; and systolic blood pressure ≥130 mmHg and/or diastolic blood pressure ≥85 mmHg or antihypertensive drug treatment in a patient with a history of hypertension (Alberti et al., 2009, Nillson et al., 2019). MetS is characterized by systemic oxidative stress, chronic inflammation, and insulin resistance (Furukawa et al., 2004; Grundy, 2016).
Oxidative stress, the principal pathological basis for MetS (Spahis et al., 2017), is a state of an imbalance of the production and degradation of reactive oxygen and nitrogen species, resulting in an increase in reactive oxygen and nitrogen species (Egea et al., 2017). Reactive oxygen species (ROS) and nitrogen species are reactive derivatives of oxygen metabolism. Excessive ROS damage lipids, proteins, nucleic acids, and carbohydrates, resulting in a chronic increase in the production of proinflammatory cytokines and cellular inflammation (Touyz et al., 2020). Experimental and clinical evidence suggests that oxidative stress increases leptin secretion by adipocytes, induces β-cell dysfunction, and impairs insulin signaling and glucose tolerance, leading to the development of insulin resistance (Newsholme et al., 2019).
Oxidative stress occurs when energy supply exceeds energy expenditure and as a consequence, adipocytes undergo proliferation and hypertrophy, leading to visceral obesity (Jia et al., 2016; Masschelin et al., 2020; Prasun, 2020). There is a direct correlation between the plasma level of malondialdehyde (MDA), a biomarker of lipid peroxidation and total oxidant status, and the body mass index in subjects with MetS (Furukawa et al., 2004; Maslov et al., 2019). Oxidative stress activates a series of stress pathways, modulates transcription factors, increases the generation of adipokines and cytokines, and causes derangements in metabolism, including impaired glucose tolerance, dyslipidemia, ectopic lipid accumulation, gut microbiota dysbiosis, and hypertension, ultimately leading to MetS (Rani et al., 2016; Vona et al., 2019). MetS markedly increases the risk of the occurrence and progression of chronic cardiovascular and renal diseases (Zhang and Lerman, 2017; Senoner and Dichtl, 2019; Podkowińska and Formanowicz, 2020).
Knowledge of the sources of ROS, the amount and type of reactive species produced, the cellular signaling involved, and the affected targets, is critical in understanding the initiation and progression of MetS. In this review, we discuss the generation of ROS from two major sources (NADPH oxidases and mitochondria), downstream signaling pathways, pathophysiological processes, and progression of MetS.
REACTIVE OXYGEN SPECIES GENERATION BY NICOTINAMIDE-ADENINE DINUCLEOTIDE PHOSPHATE OXIDASES AND MITOCHONDRIA
ROS can be free radicals and non-free radicals (Zeng et al., 2009; Gutteridge and Halliwell, 2018; Zhang et al., 2019) (Table 1). A free radical contains one unpaired reactive electron in the outer orbit, such as superoxide anion (O2-), hydroxyl radical (OH), nitric oxide (NO), carbonate radical anion (CO3-), nitrogen dioxide (NO2), and alkoxyl/alkyl peroxyl (RO/ROO). A non-free radical does not contain unpaired electron, such as hydrogen peroxide (H2O2), hypochlorous acid (HOCl), and peroxynitrite (ONOO-) (Zeng et al., 2009).
TABLE 1 | Characteristics of some major ROS generated by NADPH oxidases and mitochondria6,7,16–18.
[image: Table 1]Superoxide anion (O2-), designated as the primary ROS, is derived from O2 after receiving an electron from oxidases or the mitochondrial electron transport chain (ETC) (Gutteridge and Halliwell, 2018). O2- is then dismutated spontaneously or by superoxide dismutase (SOD) into H2O2, which is then converted to water by glutathione peroxidase or catalase. O2- reacts with nitric oxide (NO) to form ONOO-. Hydroxyl radical (OH) is derived from ONOOH by homolytic fission or from H2O2 through the Haber-Weiss reaction in the presence of transition metals, such as Fe2+, or through HOCl by myeloperoxidase in reaction with O2. The formation of lipid radical (L) (not listed in Table 1) is usually initiated by OH–, abstracting an allylic hydrogen from unsaturated lipid, which then reacts with O2 to form a lipid peroxyl radical (LOO); the abstraction of one H+, from an unsaturated lipid, forms lipid hydroperoxide (LOOH) (Zhang et al., 2019). ROS are cleared by antioxidant systems. As aforementioned, O2- can be dismutated to H2O2; H2O2 can be further decomposed by catalase, glutathione redox cycle, and thioredoxin redox cycle. ROS can be removed by some non-enzymatic compounds, such as vitamins C and E, carotenoids, glutathione, nicotinamide, and flavonoids (Tan et al., 2018).
ROS are generated by specific oxidase enzymes, such as the nicotinamide-adenine dinucleotide phosphate (NADPH) oxidases, xanthine oxidases, arachidonic acid monooxygenases, nitric oxide synthases, cyclooxygenases, cytochrome P450 enzymes, and lipoxygenases, as well as cell organelles, such as mitochondria, peroxisomes, and endoplasmic reticula (Zeng et al., 2009; Jia et al., 2016; Prasun, 2020). The major sources of ROS associated with MetS pathogenesis are NADPH oxidases (DeVallance et al., 2019) and mitochondria (Prasun, 2020).
NADPH oxidase, a major source of O2- and H2O2 (Bedard and Krause, 2007), is comprised of seven structurally similar members, NOX1 to NOX5, and Duox1 and Duox2 (Figure 1). All NADPH oxidase members have two heme groups, six transmembrane domains, and flavin adenine dinucleotide (FAD) and NADPH binding sites (Groemping and Rittinger, 2005). The cytosolic FAD domain receives two electrons from NADPH that are sequentially transferred along the two heme domains which reduce O2 to O2- (DeVallance et al., 2019). Activation of NOX1, NOX2, and NOX3 requires the assembly of membrane and cytosolic subunits, similar to the classical NADPH oxidase, NOX2 (membrane subunit, p22phox, and cytosolic subunits, p47phox, p67phox, and p40phox) to produce O2- (Nauseef, 2014). Activation of NOX4 (heterodimerized with p22phox) which does not require classical cytosolic subunits or their homologs, produces mainly H2O2 (Lyle et al., 2009). Activation of NOX5 and Duoxs 1 and 2 does not require cytosolic subunits either, but rather by the binding of calcium to their intracellular EF-hand motifs, resulting in the production of O2- and/or H2O2 (Banfi et al., 2004).
[image: Figure 1]FIGURE 1 | NADPH oxidase isoforms and their assembly. All NOX isoforms have membrane-spanning catalytic subunit that transfers electrons from NADPH through their NADPH and FAD-binding sites and heme groups to reduce O2 into superoxide anion (A) NOX1, NOX2, and NOX3 are cytosolic activators-dependent with the stabilizing p22phox membrane subunit. Activation of NOX2 requires assembly with cytosolic p47phox (equivalent to NoxO1 in NOX1 and NOX3), p67phox (equivalent to NoxA1 in NOX1 and NOX3), and p40phox. In resting cells (left panel), NOX2 and p22phox are associated, co-stabilizing each other. Upon activation (right panel), GDP is exchanged for GTP on Rac. The phosphorylation of p47phox subunit leads to a conformational change, which brings with p67phox and p40phox, to form the active NOX2 enzyme complex (NOX1 and NOX3 are not shown) (B) NOX4 is constitutively active with the stabilizing p22phox membrane subunit. Its activity can be modulated by Poldip2. Inside the E-loop (3rd extracellular loop), superoxide is rapidly dismutated into H2O2(C) NOX5, DUOX1, and DUOX2 are Ca2+ dependent with EF-hand domains. DUOX1 and DUOX2 (as well as NOX5, not shown) have Ca2+ binding domains that undergo conformational change in response to an increase in intracellular Ca2+. It is speculated that activation of DUOX1, DUOX2, and NOX5, is through intramolecular protein-protein interaction between the Ca2+-binding domain and the C-terminal catalytic domain. GDP, guanosine diphosphate; GTP, guanosine-5′-triphosphate; NADPH, nicotinamide adenine dinucleotide phosphate; NOX, NADPH oxidase.
The mitochondrion, the other major source of ROS, in addition to NADPH oxidases, within the cell (Murphy, 2009), continuously metabolizes oxygen which generates ROS (Bhatti et al., 2017). During the process of oxidative phosphorylation, electrons leak from the ETC to oxygen and produce ROS: single electron leak generates O2- while two-electron leak generates H2O2 (Brand, 2016). In general, increasing electron flux through the ETC decreases the probability of unpaired electron leakage to form ROS (Hoffman and Brookes, 2009); ROS production is increased at high ETC rates when ROS scavenging pathways are overwhelmed (Sharaf et al., 2017). However, ROS are also produced during low ETC activity when electron flux is inhibited (Murphy, 2009), because the electron spends more time at reductive centers, increasing the chances of its transfer to oxygen (Gnaiger et al., 1998). The increase in ROS production in both low and high ETC fluxes is evidence of the complicated nature of ROS production in mitochondria under different conditions (Murphy, 2009; Berry et al., 2018). ETC Complex I is believed to be a major source of mitochondrial ROS (Murphy, 2009). In ETC Complex I, electrons enter the NADH/NAD+ pool through NAD-linked dehydrogenases, and ROS can be produced from multiple sites (Brand, 2016), when the NADH/NAD+ ratio is high in cells (Kussmaul and Hirst, 2006), particularly at the site of dihydrolipoamide dehydrogenase subunit (Bazil et al., 2014). Electrons from NADH flow into the flavin-containing sites to the ETC Complex I quinone-binding site and then to the next isopotential pool ETC Complex II (Brand, 2016). ROS are also produced by the flavin in ETC Complex I, under the condition of reverse electron transport (Chouchani et al., 2014), when the protonmotive force (pmf, including Δψm and ΔpH) is increased (Scialò et al., 2017). In ETC Complex III, electrons are transferred from QH2 to the outer Q-binding site of ETC Complex III (site III Qo), then through cytochrome b566 to ETC Complex III Qi in the Q-cycle, and subsequently down through cytochrome C, and ETC Complex IV to oxygen (Brand, 2016). ROS production is dependent on kinetics and redox status during the Q cycle (Dröse and Brandt, 2012); high ΔpH component of the pmf leads to an increase in ROS production from ETC Complex III (Wong et al., 2017). When the electrons are transferred from ETC Complexes I, III, and IV, the isopotential drops, the protons are pumped across the inner mitochondrial membrane, and energy is conserved as the pmf, which is driven for ATP synthesis (Brand, 2016). In addition to the ETCs, ROS in the mitochondria can also be produced by enzymes, such as pyruvate dehydrogenases which transfer electrons to oxygen (Quinlan et al., 2014; Ambrus et al., 2015).
The concentration of ROS within cells is the net balance of ROS producing and antioxidant systems. Endogenous antioxidants consist of enzymatic and non-enzymatic scavengers (Ahmadinejad et al., 2017). Enzymatic scavengers include superoxide dismutases (SODs), catalases, and various peroxidases, and non-enzymatic antioxidants include vitamin C and E, carotenoids, glutathione, lipoic acid and transition-metal ions (Moldogazieva et al., 2018). The three isoforms of SODs in mammals, SOD1 in the cytoplasm and the mitochondrial intermembrane space, SOD2 in the mitochondrial matrix, and SOD3 in the extracellular space, scavenge superoxide into H2O2 and inhibit the formation of ONOO– from NO (Ahmadinejad et al., 2017). Catalases and peroxidases catalyze the conversion of H2O2 into water (Moldogazieva et al., 2018). However, it is more dependent on rates of ROS production than on the rates of antioxidant scavenging (Munro and Treberg, 2017). For simplicity, this review does not discuss other cellular producers of ROS and enzymatic or non-enzymatic antioxidants.
CROSSTALK BETWEEN NICOTINAMIDE-ADENINE DINUCLEOTIDE PHOSPHATE OXIDASES AND MITOCHONDRIA-DERIVED REACTIVE OXYGEN SPECIES
ROS-induced ROS release is a self-amplified phenomenon initially observed in mitochondrial ROS (Mito-ROS) generation triggered by ROS released from dysfunctional mitochondria (Zorov et al., 2006). This positive feedback cycle is also observed later in the ROS generation between the activation of NADPH oxidases and mitochondria, which becomes a vicious cycle (Daiber, 2010; Zinkevich and Gutterman, 2011). The crosstalk between the two major sources of ROS augments oxidative stress (Daiber, 2010; Dikalov, 2011). ROS derived from NADPH oxidases promote Mito-ROS production and vice versa, such that Mito-ROS activate NADPH oxidases to generate more ROS (Daiber et al., 2017; Egea et al., 2017; Dikalov and Dikalova, 2019).
The phenomenon that ROS derived from NADPH oxidases promote Mito-ROS production is well described in the activation of NADPH oxidases by the renin-angiotensin (Ang II)-aldosterone system (RAAS) (Kimura et al., 2005). Activation of NADPH oxidases located in both the plasma and cytosolic membranes generates O2-. Its dismutation into H2O2 activates PKC-ε and induces phosphorylation-dependent mitochondrial KATP channel (Mito-KATP) opening (Costa and Garlid, 2008a). This increases K+ influx, decreases mitochondrial membrane potential (ΔΨm), and induces mitochondrial O2- production by reverse electron transfer, which is released by the opening of mitochondrial permeability transition pore (Dikalov and Dikalova, 2019). The matrix alkalinization following K+ influx due to Mito-KATP opening results in an increase in H2O2 formation (Daiber et al., 2020). The O2- production can be blocked by the specific Mito-KATP inhibitor 5-hydroxydecanoate (Daiber et al., 2020). In preadipocytes and adipocytes (Baret et al., 2017), endothelial cells (Coughlan et al., 2009), and renal mesangial cells (Xie et al., 2012), activation of NADPH oxidases by advanced glycation end-products (AGEs) enhances mitochondrial biogenesis, decreases mitochondrial electron transport, and overproduction of Mito-ROS. The increase in the production of Mito-ROS is attenuated by knockdown of NADPH oxidase subunits or NOX inhibitors (Ahmed et al., 2012; Daiber et al., 2017; Dikalov and Dikalova, 2019), supporting the existence of ROS crosstalk from NADPH oxidases to the mitochondria.
Mito-ROS can also activate NADPH oxidases to produce ROS. O2- generated in the mitochondria is mainly dismutated into H2O2. Mito-ROS (mainly O2- and H2O2) are released to the cytosol via mitochondrial permeability transition pore (mPTP), inner membrane anion channel (IMAC), voltage-dependent anion channel, and aquaporins, or via diffusion due to increased mitochondrial permeability under proinflammatory conditions (Daiber, 2010; Dikalov, 2011; Brand, 2016; Daiber et al., 2017). The cytosolic H2O2 derived from the mitochondria activates redox-sensitive tyrosine kinases (c-SRCs) and protein kinases (PKCs), which subsequently phosphorylate NADPH oxidases, facilitating the assembly of NADPH oxidase subunits in the membranes, which amplifies the ROS production (Dikalov, 2011; Kröller-Schön et al., 2014; Zhang et al., 2014; Daiber et al., 2017; Daiber et al., 2020). Inhibition of Mito-ROS by Mito-TEMPO effectively suppresses the activities of NADPH oxidases and ROS production (Park et al., 2015; Ni et al., 2016). Depletion of mitochondrial SOD2 increases both basal and Ang II-stimulated NADPH oxidase activity, whereas overexpression of SOD2 attenuates ROS production from NADPH oxidases by scavenging mito-ROS (Dikalov, 2011; Egea et al., 2017). The regulation of NADPH oxidases by Mito-ROS is observed in vivo, as well (Tran et al., 2017). All of these studies show the existence of ROS crosstalk from mitochondria to NADPH oxidases.
The crosstalk between NADPH oxidase and mitochondrial ROS provides a network of intracellular redox regulation (Figure 2). Each ROS source has so-called “redox switches” that confer activation upon oxidation (Egea et al., 2017). The on/off of the redox switches results in activation or inactivation of effector proteins and transcription factors that function in a wide array of cellular physiological and pathophysiological responses (Daiber et al., 2017). For example, in endothelial cells, ROS activate PKC and protein tyrosine kinase 2-dependent phosphorylation and uncoupling of endothelial NO synthase, desensitization of soluble guanylate cyclase, nitration of prostacyclin and increase in cyclooxygenase activity, and augmentation of vasoconstriction and resulting hypertension induced by endothelin-1 (Li et al., 2003; Chen et al., 2012; Wu et al., 2014; Daiber et al., 2017). The crosstalk produces increased levels of ROS (Egea et al., 2017), resulting in a vicious cycle (Daiber, 2010; Dikalov, 2011; Daiber et al., 2020). Because ROS lifetime is short (Table 1), there must be some mediators to carry out the crosstalk from NADPH oxidases to mitochondria and vice versa (Figure 2). It is speculated that calcium (Görlach et al., 2015), cGMP (Costa et al., 2008b), cAMP (Palmeira et al., 2019), 4-hydroxy-2-nonenal (Xiao L. et al., 2017), 8-hydroxy-20-deoxyguanosine (Termini, 2000), and microparticles (Uusitalo and Hempel, 2012), among others, are the candidates that relay the signal from one to another. This synergistic regulation may not necessarily represent a general mechanism, depending on the highly dynamic spatiotemporal relationship between these two major ROS sources. The mitochondrion, itself, is a very dynamic organelle, which can be physically associated with NADPH oxidases through the contact sites between the mitochondria and ER, endosomes, or the plasma membrane. The NADPH oxidase isoform, NOX4, which directly produces H2O2, is expressed in the mitochondria (Hirschhäuser et al., 2015). As aforementioned, the crosstalk between mitochondria- and NADPH oxidase-generated ROS can result in the vicious cycle of ROS formation, resulting in oxidative stress, which contributes to the development and progression of pathological conditions, including MetS (Figure 2).
[image: Figure 2]FIGURE 2 | Crosstalk between NADPH oxidase and mitochondria-derived ROS. NADPH oxidase activation, by endogenous and exogenous stimulation (for example Ang II), produces ROS, which stimulate PKC, MAPK, and JNK, leading to the increase in Mito-ROS production (see the text). ROS, released from mitochondria, activate redox-sensitive PKC and c-SRC, which phosphorylate NADPH oxidases and increase ROS production by NADPH oxidases. The Mito-ROS trigger NADPH oxidases activation and generation of ROS and vice versa, resulting in a vicious circle (thick gray lines). The converged increase in ROS contributes to the pathogenesis of MetS, CVD, and CKD, among others. In addition to PKC, other potential molecules (listed in the gray box) relay the signaling between NADPH oxidase and mitochondria. ROS generated by either NADPH oxidase or mitochondria exert their individual actions, such as signaling, adaptive responses, and pathophysiological responses (very thin gray line arrows). 4-HNE, 4-hydroxynonenal; 8-OHdG, 8-hydroxy-20-deoxyguanosine; Adaptive Resp, adaptive responses; CKD, chronic kidney disease; c-SRC, proto-oncogene tyrosine-protein kinase; CVD, cardiovascular disease; MAPK, mitogen-activated protein kinase; PM, plasma membrane and other cellular membranes (Mem), such as in endoplasmic reticula, endosomes etc; MetS, metabolic syndrome; Mito-ROS, ROS generated from mitochondria (right side); NADPH Oxidase-ROS, ROS generated from NADPH oxidases (left side); NP, nanoparticles or microparticles; Patho Resp, pathological responses; PKC, protein kinase C. For simplicity, other ROS-generating sources and enzymatic and non-enzymatic antioxidants are not shown.
NICOTINAMIDE-ADENINE DINUCLEOTIDE PHOSPHATE OXIDASE-REACTIVE OXYGEN SPECIES SIGNALING AND PATHOPHYSIOLOGICAL EFFECTS IN METABOLIC SYNDROME
In response to extracellular and intracellular metabolic alterations or damage, ROS, generated by NADPH oxidases located in plasma or cytosolic membranes, trigger a series of physiological, adaptive, and subsequently pathological responses (Yang et al., 2021). These regulate transcriptional factors and gene expression, resulting in metabolic reprogramming, that results in the initiation and progression of MetS (Perez-Martinez et al., 2012; Purkayastha and Cai, 2013). NADPH oxidases are widely expressed in various cells: NOX2 in macrophage and neutrophils; NOX2, NOX4, with some NOX1 and NOX5 in endothelial cells (DeVallance et al., 2019); NOX4 and NOX1 in vascular smooth muscle cells (VSMCs) (Akoumianakis and Antoniades, 2019); NOX4 in adipocytes (DeVallance et al., 2019); and NOX2, NOX4, and NOX5 in renal epithelial cells (Yang et al., 2020; Yang et al., 2021), all playing critical roles in the pathogenesis of MetS.
ROS derived from NADPH oxidases are important in the inflammation associated with MetS (Figure 3). In immune cells, ROS (mainly O2-) activate the MAP kinase signaling pathway and induce the translocation of nuclear factor kappa B (NF-κB) from the cytosol to the nucleus, where it promotes the synthesis of tumor necrosis factor (TNF), interleukin-6 (IL-6), and inducible nitric oxide synthase (iNOS), leading to proinflammatory responses (Maslov et al., 2019; Touyz et al., 2020; Verzola et al., 2020). In endothelial cells, the increase in NOX activity activates NK-κB and activator protein-1 (AP-1) transcription factors, and upregulates P-selectin and fractalkine, causing the adhesion of monocytes to the endothelium (Manduteanu et al., 2010). In addition, ROS promote AGEs formation, activate c-Jun N-terminal kinases (JNKs), induce expression of heat shock factor 1(HSF1), plasminogen activator inhibitor-1 (PAI-1), and monocyte chemoattractant protein-1 (MCP-1), increase vascular permeability, and recruit immune cells into the sites of inflammation (Sangle et al., 2010). The atypical PKCζ activates NOX2 through phosphoinositide 3-kinase (PI3K)γ by TNF in endothelial cells (Frey et al., 2006). In adipocytes, H2O2 generated mainly by NOX4, promotes the activation of anti-apoptotic kinase (Akt), Janus kinases (JAKs), and extracellular signal-regulated kinase (ERK1/2), followed simultaneously by the activation of transcription factor, signal transducer and activator of transcription (STAT), resulting in an increase in MCP-1, TNF, and IL-6 production (Maslov et al., 2019). In VSMCs, ROS activate NF-κB, AP-1 and induce gene expression responsible for migration and proliferation of VSMCs (Akoumianakis and Antoniades, 2019). In human aortic VSMCs, transcription factors AP-1 and STAT1/STAT3 interact with the NOX5 promoter; depletion or inhibition of NF-B, AP-1, or STAT1/3 reduces the interferon-induced Ca2+-dependent NOX activation and NOX5 expression (Manea et al., 2012). In addition to the increase in the activity of NOX and associated mediators, the aforementioned transcription factors increase NOX activity and ROS production, contributing to the “vicious cycle” in the development of MetS (Manea et al., 2015). NADPH oxidase inhibitors reduce proinflammatory cytokines and decrease hyperlipidemia (Furukawa et al., 2004) in high-glucose diet-fed mice which are hyperglycemic and have oxidative stress and inflammation (McCracken et al., 2018). High-fat diet in mice overexpressing p22phox induces an inflammatory state and MetS phenotype (Youn et al., 2014). Plasma levels of proinflammatory cytokines and adipocytokines are higher in MetS patients than normal subjects (Kim et al., 2016).
[image: Figure 3]FIGURE 3 | NADPH oxidase-derived ROS signaling and cellular effects in MetS. ROS derived from NADPH oxidases are involved in the inflammatory responses associated with MetS, in macrophages, for example. ROS stimulate NF-κB, via MAPK and IKKα/β, and AP-1, via ASK1 and JNK, which promote the transcription of proinflammatory genes (e.g., TNF, IL-1β, IL-6, iNOS, COX2, and INF), resulting in inflammatory responses associated with MetS. ROS also activate Nrf2 to induce genes that regulate intermediary metabolism (e.g., G6PD, PGD, TKT, PPAT, IDH1, and CPT1) (only some genes are listed). The antioxidant effect and modulation of metabolism are adaptive responses to ROS-induced proinflammatory responses and altered metabolism. ROS exert a wide range of effects such as inflammation, insulin resistance, adipocyte proliferation, altered metabolism, among others in diverse cells, including macrophages, endothelial cells, vascular cells, adipocytes, preadipocytes, and epithelial cells. The ROS-mediated signaling and cellular efforts are cell type-specific that are overlapping. For simplicity and clarity, only part of signaling and cellular effects in macrophages are illustrated. AP-1, activator protein 1; ASK1, apoptosis signal-regulating kinase 1; COX2, cyclooxygenase-2; CPT1, carnitine palmitoyltransferase 1; G6PD, glucose-6-phosphate dehydrogenase; IDH1, isocitrate dehydrogenase 1; IL, interleukin; iNOS, inducible nitric oxide synthase; JNK, c-Jun N-terminal kinases; Keap1, Kelch-like ECH-associated protein 1; IKK, IκB kinase; MAPK, mitogen-activated protein kinase; MetS, metabolic syndrome; PM, plasma membrane and other cellular membranes; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; Nrf2, nuclear factor-erythroid 2 p45-related factor 2; PGD, 6-phosphogluconate dehydrogenase; PPAT, phosphoribosyl pyrophosphate aminotransferase; TKT, transketolase.
Oxidative stress can trigger obesity. NADPH oxidase overexpression, particularly NOX4, increases ROS production, promotes preadipocyte differentiation into adipocytes (Schröder et al., 2009), and induces adipocyte proliferation (Macleod, 2008) and differentiation from adipose-derived stem cells (Kanda et al., 2011). ROS, by stimulation of protein phosphatase 2A and inhibition of cyclin-dependent kinases (Magenta et al., 2008; Burhans and Heintz, 2009), induce dephosphorylation of retinoblastoma protein and activate the transcription factor E2F, a critical regulator of cell proliferation genes. E2F accelerates the re-entry of preadipocytes and adipocytes into the cell cycle (Macleod, 2008). In addition, ROS activation of cyclins D and E allows resting cells to enter into the cell cycle; c-Myc, through ERK, activates cyclin A which promotes proliferation of adipocytes and VSMCs (Macleod, 2008). Subsequently, the expression of p21 and p27, which are cyclin-dependent kinase inhibitors, is increased, facilitating adipocyte differentiation (Macleod, 2008; Rani et al., 2016). Furthermore, in mouse embryonic fibroblasts and adipocytes, ROS also activate C/enhancer-binding protein β and increase peroxisome proliferator-activated receptor (PPAR) γ, promoting adipogenesis and lipogenesis (Shin et al., 2020).
NADPH oxidases are critical in the development of insulin resistance and abnormal glucose and lipid metabolism associated with MetS. NOX4 is required for the physiological actions of insulin. ROS oxidize cysteine residues of protein tyrosine phosphatase (PTP)1B, facilitate the tyrosine phosphorylation of insulin receptor substrate (IRS)1, and glucose uptake (Guichard et al., 2008). However, excessive ROS interfere with insulin signaling, increasing JNK1-mediated IRS1 phosphorylation and proteasomal degradation, impairing insulin-stimulated IRS1 redistribution and PI3K activity, and reducing Akt/PKB phosphorylation (Guichard et al., 2008). JNK1 and MAP kinases activate AP-1, which increases the transcription of inflammatory genes and eventually produces insulin resistance (Bedi et al., 2019). Oxidative stress in pancreatic islets induces β-cell apoptosis through the Bcl-2/Bax pathway (Liang et al., 2017). β-cell dysfunction decreases insulin secretion, resulting in hyperglycemia and more hyperlipidemia (Guichard et al., 2008). In skeletal muscle cells, pigment epithelium-derived factor, a multifunctional serpin implicated in insulin resistance, induces NADPH oxidase-dependent ROS production, enhances phospholipase A2 activity, resulting in lipolysis to produce free fatty acids and stimulation of glycolysis (Carnagarin et al., 2016).
ROS, through vasoactive and renal sodium transport inhibitors or enhancers, such as dopamine, angiotensin II, endothelin 1, and urotensin I, regulate blood pressure by actions in the vasculature and kidney, among others (Touyz et al., 2020; Yang N et al., 2020; Yang S et al., 2021). In the kidney, excessive ROS production increases afferent arteriolar tone and tubular sodium reabsorption and impairs tubuloglomerular feedback (Yang et al., 2020), all of which are involved in the regulation of blood pressure. The overall effect of ROS on renal sodium transport is nephron-segment specific and time- and concentration-dependent (Cuevas et al., 2013; Gonzales-Vicente et al., 2019; Yang et al., 2020). In the renal proximal tubule, NOX2, NOX4, and NOX5 play important roles in the regulation of sodium transport; an increase in ROS production increases sodium transport and subsequently, blood pressure (Han et al., 2008; Li et al., 2009; Yu et al., 2014; Yang et al., 2021). In the vasculature, ROS activate ERK1/2, p38MAPK, and JNK, promoting VSMC proliferation, migration, and inflammation. ROS also activate tyrosine kinases, including c-Src, PI3K/Akt, FAK, and receptor tyrosine kinases, stimulating NFκB activity, STAT1, AP-1, and hypoxia-inducible factor 1 (HIF-1]), leading to an increase in the expression of proinflammatory genes, production of chemokines and cytokines, and recruitment and activation of immune cells that promote vascular inflammation, proliferation, and contraction. The endothelial dysfunction and vascular remodeling result in hypertension and vascular damage (DeVallance et al., 2019; Touyz et al., 2019; Guerby et al., 2021).
Taken together, NADPH oxidases in macrophages and other immune cells, adipocytes, endothelial cells, VSMCs, and renal epithelial cells play important roles in the initiation and progression of MetS by inducing inflammatory responses, adipogenesis and lipogenesis, insulin resistance, metabolic derangements, and increase in renal sodium transport and blood pressure. However, the activation of the transcriptional factor, nuclear factor-erythroid 2 p45-related factor 2 (Nrf2), may also combat the inflammation and altered metabolism (Hayes and Dinkova-Kostova, 2014; He et al., 2020). Activation of Nrf2 upregulates antioxidant and detoxification genes to repair and degrade the damaged macromolecules (Hayes and Dinkova-Kostova, 2014; Saha et al., 2020). Nrf2 also facilitates NADPH regeneration through pentose phosphate pathway and increases β-oxidation of fatty acids (Hayes and Dinkova-Kostova, 2014; Dinkova-Kostova and Abramov, 2015). It is speculated that if adaptive responses cannot resolve the damage caused by inflammation, insulin resistance, and metabolic abnormalities, the pathological processes eventually result in MetS.
MITOCHONDRIA-DERIVED REACTIVE OXYGEN SPECIES SIGNALING AND PATHOPHYSIOLOGICAL EFFECTS IN METABOLIC SYNDROME
As an inevitable byproduct, mitochondrial ROS must be maintained in a certain range for normal mitochondrial metabolism that involves mPTP and IMAC (Brady et al., 2006). Reversible opening of mPTP and IMAC apparently responds to the inter- and intra-mitochondrial ROS level to release ROS from the mitochondria. This process can play a physiological role to remove unwanted or damaged proteins, organelles (including mitochondria) and cells or cause pathological effects that damage essential proteins, lipids, and nucleic acids, and even eliminate vital and functional mitochondria and cells (Zorov et al., 2014). Therefore, mito-ROS can serve as one of damage-associated molecular patterns (DAMPs). NLRP3 inflammasomes can sense the DAMP-associated danger signals (Schroder and Tschopp, 2010; Abderrazak et al., 2015) and contribute to metabolic reprogramming that leads to the initiation and progression of MetS (Mastrocola et al., 2018).
Excessive Mito-ROS drive inflammation through activation of NLRP3 inflammasomes (Figure 4) that can lead into insulin resistance and hypertension. Mito-ROS provide signaling to trigger NLRP3 inflammasome oligomerization or its relocation in proximity to the mitochondria (Misawa et al., 2013; Mastrocola et al., 2018). The NLRP3 inflammasome is a cytoplasmic multi-protein complex which is comprised of a sensor protein, an adaptor protein apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC), and pro-caspase-1, a cysteine protease (Schroder and Tschopp, 2010). NLRP3 activation can be primed by toll-like receptors (TLRs) (step 1), which activates NF-κB or a non-NF-κB pathway to produce pro- IL-1β and pro-IL-18; step 2 involves the oligomerization of NLRP3 and recruitment of the adaptor protein ASC and pro-caspase-1 (Lee et al., 2020). Active caspase-1 or caspase-11 then cleaves pro-IL-1β and pro-IL-18 to produce mature cytokines IL-1β and IL-18 (Lee et al., 2020). IL-1β and IL-18 are among the most potent pro-inflammatory cytokines and are important in macrophage M1 (pro-inflammatory) polarization (Lee et al., 2020). Of note, increased ROS activate mediators of inflammation ultimately contributing to oxidative stress-induced metabolic diseases. There is increasing evidence that TLRs activate inflammation, which increases ROS production, leading to the vicious cycle of ROS and inflammation, and subsequent development and progression of chronic inflammatory diseases (Liang et al., 2013; Jha et al., 2018). Mito-ROS also induce the formation of AGEs, which function as a damage-associated molecular pattern (DAMP) or interact with its receptor, RAGE (receptor for advanced glycation end products) to activate NLRP3 (Misawa et al., 2013). The activation of NLRP3 contributes to the progression of several diseases, including MetS (Yu and Lee, 2016). Increased Mito-ROS production activates the NLRP3 inflammasome and the scavenging of Mito-ROS suppresses activation of the NLRP3 inflammasome (Yu and Lee, 2016). Pro-inflammatory cytokines, particularly IL-1β, act in an autocrine and paracrine manner to interfere with insulin signaling in adipose tissue, liver, skeletal muscle, and pancreas or induce β-cell dysfunction which leads to insulin deficiency and insulin resistance (Esser et al., 2014; Mastrocola et al., 2018). AGEs and other endogenous ligands interact with RAGE (Mastrocola et al., 2018), leading to the dysregulation of adipokines and cytokines, which results in insulin resistance and reinforces the already existing inflammatory responses (Gaens et al., 2014; Garay-Sevilla et al., 2021). In addition, Mito-ROS trigger responses to hypoxia, activating HIF-1 (Waypa et al., 2016), which induces inflammatory responses, via overexpression of inflammatory genes such as MCP-1, PAI-1, macrophage migration inhibition factor (MIF), TNF, IL-1β, IL-6, iNOS, and matrix metalloproteinases (Kim et al., 2014). These cytokines activate the insulin signaling pathway and local and systemic insulin resistance (Kim et al., 2014). Mito-ROS also suppress the expression of peroxisome proliferator-activated receptor gamma coactivator 1-α (PGC-1α), a co-activator of nuclear transcription factors, including nuclear respiratory factor (NRF)-1, PPARα, and PPARγ, that contribute to insulin resistance in MetS (Aroor et al., 2012). In mesenchymal stem cells of adipose tissue, ROS also activate transcription factor E2F, which activates PPARγ, stimulating adipocyte differentiation (Wang et al., 2015), indicating a role of Mito-ROS in regulating the cell cycle that induces adipogenesis and subsequently obesity (Rani et al., 2016). Mito-ROS also contribute to sustained vascular dysfunction and development of hypertension (Togliatto et al., 2017), which can be attenuated by inhibition of cyclophilin D, a regulatory subunit of the mitochondrial permeability transition pore, confirming a critical role of Mito-ROS in the development of hypertension (Itani et al., 2016).
[image: Figure 4]FIGURE 4 | Mito-ROS signaling and cellular effects in MetS. Mito-ROS, produced mainly by ETC (mainly C I and C III) during oxidative phosphorylation and enzymes like pyruvate dehydrogenase complex (PDC), provide the signaling to trigger NLRP3 inflammasome oligomerization with adaptor protein ASC and pro-caspase-1. NLRP3 activation can be primed by TLRs (step 1) to activate NF-κB or a non-NF-κB pathway to produce pro- IL-1β and pro-IL-18. Step 2 occurs when active caspase-1 cleaves pro-IL-1β and pro-IL-18 to produce mature cytokines IL-1β and IL-18. Mito-ROS also induce the formation of AGE, as a DAMP to activate NLRP3; mDNA also activates NLRP3 inflammasomes as a DAMP. Additionally, Mito-ROS trigger responses to hypoxia, activating HIF-1, and upregulate proinflammatory genes like TNF, IL-1β, IL-6, iNOS, MCP-1, and PAI-1. These cytokines activate the insulin signaling pathway and induce local and systemic insulin resistance (not shown). PDC is an important source of mitochondrial ROS, resulting in activation of NLRP3 inflammasomes as a DAMP. For simplicity and clarity, only part of signaling and cellular effects in macrophages are illustrated. AGE, advanced glycation end-products; ASC (apoptosis-associated speck-like protein containing a CARD), CI, ETC complex I; CII, ETC complex II; CIII, ETC complex III; CIV, ETC complex IV; CV, ETC complex V; ETC, electron transport chain; IL, interleukin; iNOS, inducible nitric oxide synthase; PM, plasma membrane; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; PAI-1, plasminogen activator inhibitor 1; PDC, pyruvate dehydrogenase complex; TNF, tumor necrosis factor; TLR, Toll-like receptor.
Pyruvate dehydrogenase complex (PDC), an enzyme complex in mitochondria that converts pyruvate into acetyl-CoA, is an important source of ROS in the mitochondria (Holness and Sugden, 2003). PDC can be inactivated by phosphorylation with pyruvate dehydrogenase kinase (PDK)1-4 and activated by dephosphorylation with pyruvate dehydrogenase phosphatase (PDP)1–2 (Holness et al., 2003). In the brain, cardiac, liver, and skeletal muscle mitochondria, PDC produces ∼4 times more ROS than ETC Complex I (Quinlan et al., 2014; Brand, 2016). PDC activation in many cells increases aerobic respiration and ROS production (Yang et al., 2018; Huang et al., 2021). Patients with metabolic diseases have higher PDC activity. For example, PDC activity and protein expression in platelets are higher in diabetic patients than healthy volunteers (Michno et al., 2020).
Emerging evidence shows that sustained PDC activity induces chronic inflammation. In hepatic tissue, sterile inflammation leads to a 2.5–fold increase in the proportion of active, dephosphorylated form of PDC (Vary et al., 1986). PDC-induced inflammation occurs through activation of NLRP3 inflammasomes (Han et al., 2020), which, in turn, can be activated by increased ATP or ROS, as a DAMP, due to the increase in aerobic respiration induced by PDC (Yang et al., 2018; Huang et al., 2021). In mouse macrophages, inhibition of pyruvate flux decreases citrate, itaconate, and succinate levels and represses Tnf, iNos, Irg1, and Il1b gene expression (Meiser et al., 2016), indicating that PDC activation, indeed, promotes macrophage pro-inflammatory responses due to an increase in pyruvate influx. The chronic low-grade inflammation, in adipose tissue, liver, skeletal muscle, and vasculature of obese subjects, induces insulin resistance (Wu and Ballantyne, 2020). Mice lacking PDK2 and PDK4 have constitutively activated PDC, which increases glucose oxidation, reduces insulin-stimulated muscle glucose uptake, and decreases fatty acid oxidation. These result in increased re-esterification of acyl-CoA into diacylglycerol and triacylglycerol, with subsequent activation of PKC-θ and inhibition of insulin signaling and development of insulin resistance (Rahimi et al., 2014). However, a role of PDC in inflammation and insulin resistance is not accepted by everyone (Constantin-Teodosiu et al., 2015; Petersen et al., 2015), indicating the complicated nature of its role in the pathogenesis of MetS and warrants further investigation.
RENAL DYSFUNCTION IN METABOLIC SYNDROME
In addition to cardiovascular diseases and diabetes (Alberti et al., 2009; Nilsson et al., 2019), MetS also increases the risk of kidney injury and chronic kidney disease (Locatelli et al., 2006). The pathophysiologic mechanisms underlying MetS, such as oxidative stress, chronic inflammation, insulin resistance, hyperglycemia, dyslipidemia, and increased activity of the RAAS could all contribute to the renal dysfunction and pathogenesis of chronic kidney disease (CKD) (Zhang and Lerman, 2017; Lakkis and Weir, 2018), with oxidative stress playing a fundamental role (Ravarotto et al., 2018). CKD patients have oxidative stress, as shown by increased levels of oxidative stress markers, such as MDA and F2-isoprostanes, which further worsen the renal dysfunction (Tbahriti et al., 2013). The major sources of ROS in the kidney are also NADPH oxidases (Gill and Wilcox, 2006; Wan et al., 2016; Qaddumi and Jose, 2021) and mitochondria (Plotnikov et al., 2007; Lindblom et al., 2015).
NADPH oxidases, NOX1, NOX2, NOX4, and NOX5, are predominantly expressed in renal epithelial, tubulointerstitial, mesangial, and glomerular epithelial cells (Gill and Wilcox, 2006; Zeng et al., 2009; Qaddumi and Jose, 2021; Yang et al., 2021). Metabolic (hyperglycemia, dyslipidemia, ox-LDL, etc.) and non-metabolic stimuli (Ang II, aldosterone, vascular endothelial growth factor, etc.) activate the expression and activity of NADPH oxidases (Gill and Wilcox, 2006; Yang et al., 2020), resulting in ROS overproduction, which is involved in vascular, glomerular, renal tubular, and endothelial dysfunction, mesangial proliferation, and increase in renal sodium reabsorption, eventually resulting in hypertension and CKD (Wan et al., 2016; Ravarotto et al., 2018). A high glucose environment upregulates NOX4 expression, inactivates AMP-activated protein kinase, and promotes podocyte apoptosis via p53-and PUMA (p53 upregulated modulator of apoptosis)-dependent pathway (Eid et al., 2010), leading to podocyte injury, a critical early event of glomerulosclerosis. In high-fat diet fed mice, upregulation of NOX2, p47phox, and p67phox expression induces hyperlipidemia-associated glomerular injury (Wan et al., 2016). Under MetS conditions, glomerular mesangial and vascular endothelial cells have decreased level of arginine or tetrahydrobiopterin, which promotes the electron transfer to oxygen, decreasing NO bioavailability, leading to endothelial dysfunction and mesangial expansion (Lee et al., 2013). NADPH oxidase activation, caused by Ang II and/or aldosterone, increases renal sodium transport, decreases NO bioavailability, and increases the proliferation of VSMCs and mesangial cells (Gill and Wilcox, 2006; Fazeli et al., 2012; Lee et al., 2013). Activation of NOX5 not only increases sodium transport in the renal proximal tubule (Yu et al., 2014; Yang et al., 2021) but also increases MCP-1 expression, macrophage infiltration, and secretion of proinflammatory chemokines and cytokines, and accelerates mesangial expansion and extracellular matrix protein accumulation, leading to glomerulosclerosis (Jha et al., 2017).
The genetic deletion or overexpression of NOX4, a major NADPH oxidase isoform in the kidney, does not affect the pathogenesis of CKD in vivo (Rajaram et al., 2019; Thallas-Bonke et al., 2020), indicating that other sources of ROS or additional yet unknown mechanism(s) are involved in the pathogenesis of renal dysfunction. The kidney utilizes a lot of energy with continuous oxidative phosphorylation within the mitochondria and as aforementioned, mitochondria and NADPH oxidases, are the major ROS sources in the cell (Murphy, 2009; Brand, 2016).
The abundance of mitochondria in the kidney produces the high energy demanded in the reabsorption and secretion of ions. However, an overly increase in Mito-ROS production causes mitochondrial dysfunction and mitochondrial damage that are involved in the pathogenesis of MetS (Zhang and Lerman, 2017; Podkowińska and Formanowicz, 2020). MetS affects renal mitochondrial structure and function through several different pathways (Zhang and Lerman, 2017; Podkowińska and Formanowicz, 2020). Metabolomics analysis demonstrated that the suppression of mitochondrial metabolism and activity in patients with MetS is associated with lower gene expression of PGC1α (a master regulator of mitochondrial biogenesis) and less mitochondria DNA and protein content in the kidney (Sharma et al., 2013). These findings are consistent with a recent observation that MetS patients with CKD (Jiang et al., 2019) have increased apoptosis and impaired ΔΨm in renal tubules but not podocytes (Jiang et al., 2019). Furthermore, oxidative stress-mediated perturbance of glycolysis and tricarboxylic acid cycle contributes to the tubular injury in MetS (Jiang et al., 2019). The injury in human renal proximal tubule cells caused by high-glucose in the medium is reversed by the mitochondria-targeted antioxidant, MitoQ (Xiao M. et al., 2017), that is related to the restoration of the Nrf2 expression, inhibition of the expression of Kelch-like ECH-associated protein (Keap1), and the interaction between Nrf2 and Keap1 (Xiao L et al., 2017). The high glucose-mediated injury of mouse renal mesangial cells can be attenuated by the tetrapeptide, SS-31, a mitochondria-targeted ROS scavenger (Hou et al., 2016). In these mouse mesangial cells exposed to high glucose, SS-31 decreased Mito-ROS generation, associated with a decrease in the expression of transforming growth factor β1, thioredoxin-interacting protein (TXNIP), BCL-2, apoptosis regulator (BAX), and cleaved caspase-3, and activation of p38 MAP kinase and cAMP-response element binding protein (CREB) (Hou et al., 2016).
Oxidative stress activates NLRP3 inflammasomes and quenching of Mito-ROS reverses NLRP3 activation (Yu and Lee, 2016). In MetS, the expression and activity of NLRP3 inflammasomes are increased in podocytes, glomerular endothelial cells, and tubular interstitial epithelial cells (Mastrocola, et al., 2018). Genetic deletion of NLRP3 ameliorates renal injury by preventing the early infiltration of immune cells, decreasing IL-1β and IL-18 expression and secretion, and proteinuria (Shahzad et al., 2015). NLRP3 inflammasomes are also involved in the disturbance of lipid metabolism in renal disease (Mastrocola, et al., 2018). NLRP3 activates sterol regulatory-element binding proteins (SREBPs) in lipotoxicity-driven inflammation and induces AGEs production. In Western diet-fed mice, the germline deletion of NLRP3 inactivates SREBPs, prevents renal lipid accumulation, and attenuates glomerular damage and proteinuria (Bakker et al., 2014). Hyperglycemia also promotes ROS through the enhanced glycolytic flux in mitochondria, induces AGEs production and TXNIP accumulation, which play a crucial role in NLRP3 inflammasome activation and increase in glomerular inflammatory injury (Tan et al., 2015).
Oxidative stress is also involved in the increased renal vascular resistance in the hypertension in MetS (Zeng et al., 2009; Ando and Fujita, 2012; Qaddumi and Jose, 2021). Induction of ROS generation in the renal medulla and cortex promotes hypertension (Cowley et al., 2015; Yang et al., 2020). Both NOX- and Mito-ROS, among others, contribute to the renal pathophysiology of hypertension (Zeng et al., 2009; Araujo and Wilcox, 2014; Loperena and Harrison, 2017; Yang et al., 2020; Yang et al., 2021). As mentioned previously, Ang II and aldosterone may be causal of the excessive ROS production in MetS. The chronic administration of Ang II type I receptor (AT1R) blocker decreases ROS production and vascular resistance (Gill and Wilcox, 2006; Daenen et al., 2019). Both blockade of AT1R and stimulation of dopamine receptors are reno-protective against oxidative stress by decreasing NADPH oxidase expression and activity (Cuevas et al., 2019; Daenen et al., 2019; Qaddumi and Jose, 2021; Yang et al., 2021). D1R activation increases the expression of the antioxidant, paraoxonase 2, in both lipid and non-lipid rafts in renal proximal tubule cells (Yang et al., 2015), D2R decreases ROS production through upregulation of paraoxonase 2 (Yang et al., 2012), DJ-1 (Cuevas et al., 2012), and another antioxidant, sestrin2 (Yang et al., 2014) in the kidney. In renal proximal tubule cells, D5R activation increases paraoxonase 2 (Yang et al., 2015), HO-1 (Lu et al., 2013), and Nrf2 (Jiang et al., 2018) protein expression. The involvement of Mito-ROS in the pathogenesis of hypertension is most likely caused by oxidative phosphorylation. Recently, Lee et al., in our laboratory, reported that PDC activity and expression are increased in both renal proximal tubule cells and cortical homogenates from spontaneously hypertensive rats compared with normotensive Wistar-Kyoto rats (Lee et al., 2014). This activation may be involved in the increase in the expression of sodium transporters and channels in nephron segments, including the renal proximal tubule (Knepper and Brooks, 2001; Wang et al., 2009; Maxwell et al., 2020; Pitzer et al., 2020).
REACTIVE OXYGEN SPECIES-TARGETED THERAPEUTIC IMPLICATIONS
Because oxidative stress plays a fundamental role in the pathogenesis and progression of MetS, and the overproduction of ROS damages cellular macromolecules, there is increasing interest in developing therapeutic approaches targeting NADPH oxidases and mitochondria, or both to reduce ROS levels. Currently, the clinical approaches to reduce ROS in the treatment of MetS mainly involve changes in lifestyle, pharmacological drug therapy, and bariatric surgery (Murphy and Hartley, 2018; Bozi et al., 2020; Tun et al., 2020).
Decades of endeavors have targeted NADPH oxidases to lower ROS production (Araujo and Wilcox, 2014; DeVallance et al., 2019). The first generation of NADPH oxidase inhibitors are diphenyleneiodonium (DPI) and apocynin, which are not isoform-specific (Gill and Wilcox, 2006). Due to their broad profile of inhibition and side effects, more specific NADPH oxidase inhibitors have been developed, specifically GenKyoTex compounds, such as GKT137831 and GKT-136901 (Teixeira et al., 2017), triazolo pyrimidine compounds, such as VAS2870 and VAS3947 (Schramm et al., 2012), and the synthetic organoselenium ebselen, along with its congeners (DeVallance et al., 2019). Ebselen inhibits NOX1, NOX2, and NOX5, reduces vascular dysfunction, and improves insulin signaling in obese and diabetic rodents (Chen et al., 2009; DeVallance et al., 2019). NADPH oxidase isoform-specific inhibitors have been developed recently, specifically NOX1 inhibitors, such as ML171 and NoxA1ds, that block the interaction of NoxA1 with NOX1, reducing vascular resistance, improving endothelial function, and decreasing fat differentiation and migratory potential in MetS (Sela et al., 2015; Camargo et al., 2018). Nox2ds-tat, a peptide inhibitor of NOX2, interferes with p47phox docking to NOX2, causing the inhibition of ROS production (Csányi et al., 2011), reversal of vascular pathology, and restoration of insulin signaling (Sukumar et al., 2013; Quesada et al., 2015). Similar to the Nox2ds-tat, CPP11G and CPP11H, interfere with the translocation of p47phox to NOX2 in the plasma membrane, abolish ROS production, and attenuate endothelial cell inflammation and vascular dysfunction in an acute inflammatory mouse model (Li et al., 2019). All of these NADPH oxidase inhibitors are expected to be useful in the treatment of MetS.
Mitochondria-targeted antioxidants are reported to ameliorate MetS in experimental animals and humans (Bhatti et al., 2017; Murphy and Hartley, 2018; Bozi et al., 2020). Antioxidant compounds incorporated with ubiquinone or vitamin E, and the resulting compounds, MitoQ and MitoVit E, can specifically target the mitochondria to reduce oxidative injury and reverse mitochondrial dysfunction (Mao et al., 2011; Feillet-Coudray et al., 2014). The lipophilic triphenylphosphonium cation enables MitoQ to cross phospholipid bilayers, which leads to its accumulation within the mitochondria and reduction of mitochondrial ROS. MitoQ has been shown to reverse partially glucose intolerance, improve lipid metabolism, and restore mitochondrial activity in high-fat diet-fed Sprague-Dawley rats (Coudray et al., 2016), effects that were associated with a decrease in adipose tissue, and liver and body weights. In high-fat diet-fed mice, MitoVitE, another mitochondria-targeted antioxidant, protected the mitochondria against oxidative damage, improved subsarcolemmal mitochondrial density, and decreased systemic oxidative stress, manifested by an increase in plasma SOD activity and a decrease in urinary isoprostanes (Mao et al., 2011). Metformin, a drug widely used in the treatment of diabetes because of its ability to decrease the intestinal absorption of glucose and improve insulin sensitivity, decreases mitochondrial ROS, increases ADP:ATP ratio, induces AMPK activation, which then inhibits hepatic gluconeogenesis (Madiraju et al., 2018).
Antioxidants targeting both NADPH oxidases and mitochondria have been tested in clinical trials (Table 2). Although the role of ROS in the pathogenesis of MetS has been established in preclinical studies, the results in clinical studies have not been encouraging. Considering that high concentrations of ROS are harmful, reducing ROS levels should be beneficial. However, the degree of reduction of ROS to be beneficial is not known. The normal range more than likely varies in different cells at different times. Therefore, specific NADPH oxidase isoform or mitochondria-site antioxidants with cell- or tissue-specific drug delivery at a specific time is a promising therapeutic approach (Casas et al., 2020).
TABLE 2 | Clinical trials of antioxidants in the therapy of metabolic syndrome or associated cardiovascular and chronic renal diseases.
[image: Table 2]CONCLUSION AND PERSPECTIVES
MetS, which is a complex tangled web of oxidative stress with unhealthy states, including visceral obesity, hyperglycemia, dyslipidemia, and hypertension, occurs concomitantly in patients with elevated risk for cardiovascular diseases and chronic kidney diseases. As discussed in this review, the exact mechanisms underlying MetS are not clear. Oxidative stress, with inflammation, insulin resistance, and vascular endothelial damage, creates a pathophysiological condition that promotes the initiation and progression of MetS. Oxidative stress, the fundamental pathological basis for MetS, occurs because cellular anti-oxidative responses cannot counteract pro-oxidative effects. NADPH oxidases and mitochondria are the two major cellular sources for ROS production. ROS generated by NADPH oxidases may induce Mito-ROS generation, and vice versa, resulting in a vicious cycle. ROS, generated by NADPH oxidases and mitochondria, by themselves or by their interaction, in response to various exogenous and endogenous stimuli and metabolic alterations, trigger a series of adaptive and pathological responses, including the regulation of transcriptional factors and gene expression, and metabolic reprogramming. It is believed that low levels of ROS function as signaling molecules for physiological cellular functions whereas high levels of ROS are harmful to proteins, lipids, and nucleic acids. However, the boundary between the physiological signaling and pathological effects is unknown.
ROS, as DAMPs, activate NLRP3 inflammasomes, and therefore, mitochondria (and perhaps NADPH oxidases) can be considered as an integral component of the innate immune system to respond to intracellular and extracellular metabolic changes and stresses. It is assumed that ROS, generated from mitochondria, not only can cause the signaling and effects discussed above, but may also shape the metabolism and adaptive response of the immune system, including T and B cells. Further investigation is needed, not only on the mechanism underlying MetS but also the effects of cellular immunometabolism, to provide new paths for the therapeutic targeting for MetS.
Mito-ROS is usually linked to oxidative phosphorylation along the ETC. Recent evidence has demonstrated many sites that generate ROS in the mitochondria. For example, PDC produces more ROS than ETC Complex I. Consistent with the notion that oxidative stress is associated with the metabolic abnormality in MetS, renal proximal tubule cells from SHRs have higher PDC protein expression and activity than normotensive WKY rats; blood pressure also increases with the increase in PDC activity. PDC activity contributes to oxidative stress, but whether or not PDC activity increases sodium transport in the renal proximal tubule and other nephron segments warrants further investigation in patients and animals with MetS. The potential roles of PDC and the associated oxidative stress on inflammation, insulin resistance, alteration of glucose and lipid metabolism, adipocyte proliferation, endothelial dysfunction, and vascular resistance are largely unknown. The association of increased PDC activity with hyperglycemia, dyslipidemia, and even gut dysbiosis in the pathogenesis of MetS needs further investigation.
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Objective: To evaluate the therapeutic efficacy and underlying molecular mechanisms of Bauhiniastatin-1 (BSTN1) to alleviate adiposity in diet-induced obese rodent model and in 3T3-L1 cells.
Methods: BSTN1 was purified and confirmed through HPLC. In-vitro experiments such as MTT assay, Oil Red-O (ORO) stain, cellular lipid content, glycerol release and RT-PCR analysis were performed in 3T3-L1 cells in the presence and absence of BSTN1. In animal experiments, rats were divided into Group-I: normal pellet diet-fed, Group-II: HFD-fed, Groups-III, IV and V: HFD-fed BSTN1 (1.25, 2.5, and 5 mg/kg.b.wt./day/rat)-treated and Group-VI: HFD-fed Orlistat-treated. The rats were fed either normal diet or high fat diet (HFD) for 18 weeks and water ad-libitum. BSTN1 was orally administered from 13th week onwards to the selected HFD-fed groups. Body composition parameters, biochemical assays, histopathology examination and western blot analysis were performed to identify the predicted targets related to obesity. Molecular docking studies threw light on the binding interactions of BSTN1 against PPAR-γ, FAS and AMPK.
Results: BSTN1 at 20 μM significantly (p < 0.001) inhibited adipocyte differentiation and lipid accumulation in 3T3-L1 cells. A conspicuous down-regulation in the mRNA expression levels of PPAR-γ, FAS and SREBP1 was observed but AMPK expression remained unchanged in BSTN1 treated 3T3-L1 cells. A substantial decrease in body weight gain, fat percent, total body fat, serum and liver lipid profile (except high-density lipoprotein), glucose, insulin and insulin resistance in BSTN1 treated rats was noticed in a dose dependent manner. In BSTN1 (5 mg/kg.b.wt.)-treated groups significantly (p < 0.01) elevated plasma adiponectin level but reduced leptin level as well as fall in serum AST and ALT were noticed. Further, the disturbed structural integrity and architecture of adipose and hepatic tissues due to high fat diet feeding were considerably recovered with BSTN1 treatment. Down-regulation in the protein expression level of PPAR-γ and activation of AMPK through phosphorylation was observed in BSTN1 treated rats than the untreated. Molecular docking studies revealed strong binding interactions of BSTN1 against PPAR-γ and AMPK and thus supported the experimental results.
Conclusion: Taken together, the results suggest that BSTN1 could be a promising pharmacological molecule in the treatment of obesity and dyslipidemia.
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INTRODUCTION
The epidemic of obesity has become a public health issue in both developed and developing countries as it strongly predisposes to type-2 diabetes, dyslipidemia, hypertension, cardiovascular diseases (CVDs), non-alcoholic fatty liver disease (NAFLD), sleep apnea, infertility and certain types of cancers (Hurt et al., 2010). The excess calories consumed than expended gets accumulated as fats (triglycerides) in adipocytes and leads to growth and expansion of white adipose tissue (WAT) by the process of hypertrophy and hyperplasia (Meln et al., 2019). At cellular level, adipogenesis is a complex process involving preadipocytes clonal expansion, differentiation and intracellular lipid accumulation which is tightly regulated at transcriptional level by peroxisome proliferator activated receptor-γ (PPAR-γ), members of CCAAT/enhancer binding protein (C/EBP) family and sterol regulatory element binding protein (SREBPs) (Moseti et al., 2016; Chang and Kim 2019).
White adipose tissue not only serves to store excess fats but also performs vital endocrine functions such as secretion of adipokines and release of inflammatory cytokines that play prevailing role in disturbing general energy homeostasis and insulin sensitivity resulting in various metabolic disorders (Longo et al., 2019). Similarly, due to excess accumulation of fats in hepatic tissue in conditions like hepatic steatosis, non-alcoholic steatohepatitis (NASH) and NAFLD the metabolic functions of liver are derailed (Nassir et al., 2015).
Various therapeutic approaches such as lifestyle modification, pharmacotherapy, and bariatric surgery are advocated to combat obesity ailments (Apovian et al., 2015). Although lifestyle modification is the cornerstone of weight management, it is difficult to put it in practice in day-to-day life and to sustain. On the other hand, bariatric surgery involves high risk and high cost as well. In view of this, pharmacotherapy is typically considered as an effective treatment option. Therapeutic molecules that work as lipase inhibitors, appetite suppressors, antilipidemic agents and inhibitors of adipogenesis are being intensely researched to develop effective drugs to treat obesity ailments (Balaji et al., 2016; Liu et al., 2020). Considering the growing public inclination toward natural product-based therapeutics, the present work was carried out with Bauhuniastatin-1 isolated from Bauhinia purpurea.
Bauhinia purpurea Linn. is a fast-growing medium sized flowering plant of Fabaceae family, widely grown in south-east Asian countries including India and China. This plant species is rich in phytochemicals like bauhiniastatins, isoquercitin, lutein, β-sitosterol, pacharin, astragalin, stigmasterol, kaempferol, lupeol etc. Its leaves, flowers and seeds are eaten along with rice in some parts of South East Asian countries (Kumar and Chandrashekar 2011). B. purpurea possesses anti-diabetic, anti-inflammatory, antimicrobial, analgesic and anti-neoplastic activities and has been used in traditional and folk medicine (Zakaria et al., 2007). In our previous study, we reported the anti-hyperlipidemic activity with crude extract of B. purpurea. (Padmaja et al., 2014).
In the present study, we isolated and purified the active principle, Bauhiniastatin-1, (BSTN1) elucidated its anti-obesity activity and underlying molecular mechanisms using diet-induced obese rat model. Adipogenic, lipogenic and lipolytic studies are complemented using the most widely used 3T3-L1 preadipocytes. In addition, molecular docking studies were carried out to understand the mechanisms of action of BSTN1.
MATERIALS AND METHODS
Chemicals and Materials
Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), 3-isobutyl-1-methyl-xanthine (IBMX), penicillin and streptomycin, isopropanol, insulin, and dexamethasone (DEXA) were procured from Thermo Fisher Scientific (Berkeley, MO, United States). MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) and Oil-Red-O (ORO) stain were procured from Sigma Aldrich, (St Louis, MO, United States). Other solvents, chemicals and reagents utilized for the experiments were of analytical grade.
Isolation and Purification of Bauhiniastatin-1
The bark of B. purpurea was collected from the Seshachalam forests, spread around Tirupati, Andhra Pradesh, India. It is authenticated by taxonomist in the department of Botany, Sri Venkateswara University, Tirupati, voucher number is 136 and specimen was preserved in departmental herbarium. The bark of B. purpurea was powdered, extracted with ethanol and further fractionated by column chromatography using different solvents (Padmaja et al., 2014). The collected fractions were subjected to LC-MS analysis on 6520 Accurate Q-TOF (Agilent Technologies, Inc. Santa Clara, CA, United States) mass spectrometer to identify the major compounds. Bauhiniastatin-1 was purified using an HPLC system equipped with a binary gradient system, a variable UV-VIS-detector and a Rheodyne Model 7725 injector with a loop size of 20 μl, and an integrator. Reverse phase chromatographic analysis was carried out in isocratic conditions using a C-18 reverse phase column (250 × 4.6 mm id., 5 μl C-18) at 40°C. Mobile phase consisted of methanol:water (20:80 v/v) with a flow rate of 1 ml/min. The detection of compounds was performed at 220 nm. A single sharp peak at 5.942 min of retention time was identified as BSTN1 (Pettit et al., 2006).
Cell Culture and Differentiation of Adipocytes
The 3T3-L1 pre-adipocytes of American Type Culture Collection (ATCC) cells were maintained and cultured in DMEM supplemented with 10% FBS at 37°C in a humidified atmosphere with 5% CO2. The 3T3-L1 were grown to confluence, stimulated with adipogenesis differentiation medium of induction (DMI) consisting of DMEM, 10% FBS, 0.5 mM IBMX, 1 μM DEXA and 10 μg/ml insulin for 2 days followed by treating cells with differentiation medium (DM) (DMEM with 10% FBS and 10 μg/ml insulin) for additional 8–10 days (Badri et al., 2008). All the media that we used contained 100 IU/ml penicillin and 100 mg/ml streptomycin. A volume of 0.01% DMSO was used as vehicle control for in-vitro experiments. For evaluating anti-adipogenic effects of BSTN1, 3T3-L1 cells cultured and adipogenesis was induced by DMI in 12 well plates and treated with different concentrations of BSTN1 (5, 10, and 20 μM) in DM. The adipocytes were stained for neutral lipids (lipid droplets) and observed under a bright field microscope or used for other studies.
Cell Viability Assay (MTT Assay)
The 3T3-L1 preadipocytes were cultured in DMEM and cell viability assays were conducted as previously described (Lee et al., 2018).
Oil Red O Staining: Determination of Lipid Content
Lipid contents in adipocytes were visualized as well as measured using Oil Red-O (ORO) staining (Nunez et al., 2019).
Lipolysis Studies
The lipolysis studies were conducted by measuring glycerol levels released into the cell culture medium, using commercial kit (Lipolysis assay kit, ab185433, Abcam, and Shanghai) following manufacturer’s instructions (Shobha et al., 2017). The glycerol content was expressed as nmol/well.
RT-PCR Studies: mRNA Expression
Total RNA was isolated from 3T3-L1 cells by using tri-reagent (Sigma Aldrich, Bangalore India) according to manufacturer’s protocol and reverse transcribed to obtain cDNA using cDNA synthesis kit (Applied Bio Systems, Foster City, CA, United States) (Galateanu et al., 2012). About 20 ng of cDNA was used for semi-quantitative RT-PCR (BioRad CFX96, Real-Time PCR) using SYBR green master mix and the conditions were kept as follows: 95°C for 10 min, followed by 36 cycles for 30 s at 72°C and 1 min at 60°C and followed by extension for 15 s at 72°C. Data was analyzed using ΔΔCt method and values were expressed in terms of relative fold change (RFC). PCR reactions were run in triplicate for each sample, and transcription levels of every gene were normalized to the level of β-actin. The PCR amplification was performed with transcript specific primers (Supplementary Table 1).
Animal Studies
Male WNIN rats (aged 5–6 weeks), normal pellet diet and high fat diet were obtained from National Institute of Nutrition (NIN), Hyderabad, India. After one-week acclimatization, rats were maintained at standard laboratory conditions (temperature: 23 ± 2°C; humidity: 40–60%), fed with either normal diet or HFD and water ad-libitum for 18 weeks as described in experimental design (Donovan et al., 2009). The composition of normal pellet diet and HFD (fat-60%) are given in supplementary files (Supplementary Tables 2, 3). To test for therapeutic activity, different concentrations of BSTN1 (1.25, 2.5, and 5 mg/kg b. wt.) suspended in 0.5% carboxymethylcellulose (CMC) were orally administered for 6 weeks from 13th week onwards using an intra-gastric tube. We selected these concentrations based on our initial pilot studies using solvent extracts (Padmaja et al., 2014). Guidelines of IAEC (No:55/2012/(i)/a/CPCSEA/IAEC/SVU/MBJ, dated: 8-7–2012) were followed to conduct the animal experiments.
Experimental Design
Rats initially weighing 160–180 g were randomly divided into six groups of six each (n = 6).
Group I: Normal pellet diet fed rats
Group II: HFD-fed rats (Placebo)
Group III: HFD fed + BSTN1 (1.25 mg/kg b. wt./day) treated rats
Group IV: HFD fed + BSTN1 (2.5 mg/kg b. wt./day) treated rats
Group V: HFD fed + BSTN1 (5 mg/kg b. wt./day) treated rats
Group VI: HFD fed + Orlistat (5 mg/kg b. wt./day) treated rats
Measurement of Body Composition Parameters, Food and Water Intake
Body weight, lean body mass, fat percent, fat free mass of each rat was measured by Total Body Electrical Conductivity (TOBEC) using a small animal body composition analysis system (EM-SCAN, Model SA-3000 Multi detector, Springfield, United States). Food intake, water intake and behavior was monitored every day. At the end of the experiment, animals were anesthetized using isoflurane, blood was collected by heart puncture method. Plasma and/or serum were separated by centrifugation at 2,500 rpm for 15 min. Various organs and tissues including abdominal adipose tissue and liver were dissected, and stored appropriately. For histology studies, tissues were fixed and processed as described in later sections.
Estimation of FBG, PPBG, F-Ins and HOMA-IR
After overnight fasting of experimental rats, the glycemic parameters such as fasting blood glucose (FBG) and after food intake post-prandial blood glucose (PPBG) were monitored by ACCU-Check, Glucometer. Serum fasting-insulin (F-Ins) was measured using commercially available enzyme-linked immunosorbent (ELISA) kit (Elabscience, United States) and homeostasis model assessment index for insulin resistance (HOMA-IR) was used to identify insulin resistance as follows:
HOMA-IR = [fasting glucose (mg/dl) X fasting insulin (μIU/ml)]/405.
Plasma Leptin and Adiponectin Levels
Plasma leptin and adiponectin are key adipokines secreted by adipocytes. Adipokine levels were measured in experimental rats using enzyme-linked immunosorbent assay kits (Crystal Chem, Downers Grove, IL, United States). These assays were performed in duplicates (n = 6), as per the manufacturer’s guidelines and adipokine levels were expressed in ng/mL (Margoni et al., 2011).
Estimation of Serum Lipid Profile
Serum total cholesterol (TC) was estimated by CHOD-PAP method, triglycerides (TGs) and HDL-cholesterol were estimated by GPO-TOPS method, VLDL-cholesterol, LDL-cholesterol were estimated by selective inhibition method (Agappe Diagnostics Ltd., Kerala, India). The phospholipids (PLs) and free fatty acids (FFAs) were assessed by using quantification assay kits, Sigma Aldrich, Bangalore, India.
Estimation of Hepatic Lipid Levels
Lipids were extracted from the liver tissues of experimental animals (Floch et al., 1957). In brief, the tissues were rinsed with ice-cold physiological saline, homogenized in cold chloroform-methanol (2:1, v/v) and the contents were extracted for 24 h. The extraction was repeated four times. The combined filtrate was washed with 0.7% potassium chloride and the aqueous layer was discarded. The organic layer was made up to a known volume with chloroform and used for hepatic lipid analysis.
Measurement of AST and ALT Activities
Hepatic marker enzymes, aspartate transaminase (AST) and alanine transaminase (ALT) activities were estimated at the end of the experiment by using commercially available kit (Agappe Diagnostics Ltd., Kerala, India) following the manufacturer's protocol.
Western Blot Analysis
Adipose and hepatic tissue proteins were washed with sterile 1X PBS and homogenized in RIPA lysis buffer (Product No. R0278, Sigma Aldrich, Bangalore, India) containing protease inhibitors (PI) (RIPA + PI: 1 ml + 40 µl), centrifuged (14,000 rpm for 10 min at a 4°C) and the supernatant was collected. The protein concentrations were measured using the Bradford method. Forty µg of proteins were resolved on 10% SDS-PAGE gel and transferred onto a PVDF membrane. To block non-specific binding sites, blots were incubated at room temperature with 5% skimmed milk (w/v) for 1 h on shaking rocker followed by overnight incubation with specific primary antibodies of anti-PPAR-γ (Catalog No. C26H12, ILS-CST, India), anti-AMPK (Catalog No. A17290)/phospho-AMPK (Catalog No. AP0116) and mouse anti-β actin (Catalog No. AC004) (Abclonal Technology, United States) at 4°C. The immuno-reactive antigen was then recognized by incubation with HRP-conjugated secondary antibody (Abclonal Technology, United States) for 1 h at RT. After washing with 1X TBST, the membrane was treated with chemiluminescent ECL detection reagent (1:1) (Bio-Rad) and the immuno-reactive bands were visualized by ChemiScope western blot imaging system (Make: Wipro GE Healthcare) (Lira et al., 2010).
Histopathological Examination
Adipose and liver tissues were collected from both control and experimental rats and fixed in formalin solution. A small piece of tissue was cut, trimmed, processed and prepared paraffin blocks. Then the paraffin blocks were sectioned (5–8 µm) using microtome and stained using haematoxylin and eosin (H&E) following standard histology protocol (Badri et al., 2013).
Molecular Docking Studies (Accession of Target Protein)
The three-dimensional structure of FAS (6NNA), AMPK (6C9F), PPAR-γ (3WMH), and BSTN1 were downloaded from the RCSB protein Data Bank and Pub chem. The atomic coordinates of the ligand were geometrically optimized using Argus Lab 4.0.1. In-silico studies were carried against FAS (6NNA), AMPK (6C9F), and PPAR-γ (3WMH), with ligand (BSTN1) using the docking program Patchdock (Xiao et al., 2013). After the docking, protein–ligand complexes were studied using PyMol viewer tool (www.pymol.org)1. Protein and ligand interactions were analyzed and visualized through PyMol viewer tool (www.pymol.org)1.
Statistical Analysis
The results are expressed as the mean ± standard deviation (SD), and comparison was made by using one-way ANOVA program followed by Tukey’s post hoc tests to study the significance level (SPSS, version 17.0; SPSS Inc., Chicago, IL, United States).
RESULTS
LC-MS and HPLC Analysis
The chloroform fraction of ethanolic extract of B. purpurea was subjected to LC-MS/MS analysis. Seventeen compounds were identified from which BSTN1 (m.wt.: 283.0496) was isolated, purified and confirmed by HPLC (Figures 1A–C).
[image: Figure 1]FIGURE 1 | Molecular characterization of isolated compound/s from the chloroform fraction of B. purpurea ethanolic extract. (A) and (B) LC-MS analysis showing TOF MS ES + BPI and Diode Array (Retention Time) (C) HPLC peak representing structure and retention time (5.942) of BSTN1.
Cell Viability Studies by MTT Assay
The effect of BSTN1 on cell viability of 3T3-L1 cells and cytotoxicity was analyzed in the dose range of 10–160 μM, at 48 h using MTT assay. The BSTN1 showed IC50 value of 118 µM (Figure 2D).
[image: Figure 2]FIGURE 2 | Effect of BSTN1 on lipid levels in 3T3-L1 cells by (A) Oil Red O staining of 3T3-L1 cells (Magnification 40×). (i) Undifferentiated, untreated pre-adipocytes (ii) Differentiated, untreated adipocytes (control) (iii) DMSO (0.01%) treated adipocytes (vehicle control). (iv), (v), and (vi) BSTN1 treated adipocytes (5, 10, and 20 μM) showing decreased adipogenesis in dose dependent manner. (B) Quantification of lipid content (%) by Oil Red O stain extraction in BSTN1-treated and other groups. (C) Lipolysis assay indicating the amount of glycerol content released from 3T3-L1 adipocytes into the media. (D) Cytotoxicity assay results on the percentage of cell viability of untreated, DMSO and BSTN1 treated pre-adipocytes determined after 48 h using MTT assay. Data are presented as mean ± SD of triplicate. *, **, and *** indicate significant difference between control and treated 3T3-L1 cells at p < 0.05, p < 0.01, and p < 0.001 respectively.
Effect of BSTN1 on Adipogenesis and Lipid Content
The BSTN1 at a dose of 20 µM could markedly reduce adipogenesis and intracellular lipid levels in 3T3-L1 cells, as observed by Oil-Red-O-stained images (Figure 2A). Furthermore, lipid content of adipocytes was measured by extracting (using isopropanol) the Oil Red O stain from 3T3-L1 adipocytes (Figure 2B). To complement these studies, we verified the lipolytic capacity of BSTN1 by quantifying the levels of glycerol release from treated vs. control and vehicle control 3T3-L1 adipocytes. Significantly (p < 0.01) high level of glycerol release was observed in adipocytes treated with BSTN1 than untreated cells and the maximum lipolytic activity was noticed at a concentration of 20 µM (Figure 2C).
Effect of BSTN1 on mRNA Expression
The mRNA expression levels of key adipogenic and lipogenic transcriptional factors, FAS, SREBP1, AMPK and PPAR-γ in differentiated 3T3-L1 adipocytes were estimated in the absence and presence of BSTN1 (5, 10, and 20 µM) (Figure 3). The expression of FAS, SREBP1, and PPAR-γ were down-regulated, while that of AMPK remained unchanged with increasing concentration of BSTN1 as represented in Figures 3A–D.
[image: Figure 3]FIGURE 3 | Effect of BSTN1 on mRNA expression of target genes in 3T3-L1 cells by RT-PCR. Quantitation of fold change of key adipogenic and lipogenic markers (A) FAS mRNA (B) SREBP1 mRNA, (C) AMPK mRNA and (D) PPAR-γ mRNA. Data are presented as mean ± SD of triplicate. * and ** indicate significant difference between control and treated 3T3-L1 cells at p < 0.05 and p < 0.01, respectively. FAS, fatty acid synthase; SREBP1, sterol regulatory element-binding protein 1; AMPK, AMP-activated protein kinase and PPAR-γ, peroxisome proliferator-activated receptor-γ.
Effect of BSTN1 on Protein Expression
Figure 4 shows the protein expression levels of AMPK/phosphor-AMPK and PPAR-γ in hepatic and adipose tissues of obese control and obese-treated rats. BSTN1 treatment induced activation of AMPK as evident from its phosphorylation, in a dose dependent manner. However, down-regulation of PPAR-γ with increasing concentration of BSTN1 was observed in treated rats. The results indicate the efforts of BSTN1 to maintain energy homeostasis and reduce the fat accumulation in liver and adipose tissues.
[image: Figure 4]FIGURE 4 | Western blot analysis: Protein expression of control and treated rats in (A) adipose tissue and (E) liver tissue. β-actin is used as a housekeeping gene. Histograms showing quantification of expressed proteins: (B) Adipose-p-AMPK (C) adipose-AMPK (D) adipose-PPAR-γ, (F) Hepatic-p-AMPK (G) Hepatic-AMPK and (H) Hepatic-PPAR-γ. Histograms represent mean ± SD, n = 6. * indicates significant difference (p < 0.01) between HFD control and treated groups. AMPK, AMP-activated protein kinase and PPAR-γ, peroxisome proliferator-activated receptor-γ.
Body Composition, Body Weight, Food and Water Intake of Obese Rats
Table 1 depicts the changes in body weight and fat percent of experimental rats. Consumption of HFD for 18 weeks resulted in significant rise in body weights (486 ± 9.0 g) and total body fat levels (79 ± 7.8 g) in HFD control group, compared to normal control group of rats whose body weight and total fat were 248.1 ± 6.3 g and 10.2 ± 1.4 g, respectively. Oral administration of BSTN1 considerably reduced body weight gain and body composition parameters in a dose dependent manner, with maximum reduction in body weight (320 ± 13.9 g) and total fat levels (24.9 ± 1.9 g) being noted in rats treated with 5 mg/kg b. wt. of BSTN1. However, no significant difference was observed in food and water intake (Table 1) of BSTN1 treated groups indicating that BSTN1 could reduce weight gain in obese rats without compromising food and water intake quantity. The behavior of all the animals was normal.
TABLE 1 | Effect of BSTN1 on food intake, water intake, body weight and body composition parameters of treated and untreated rats.
[image: Table 1]Effect of BSTN1 on Leptin and Adiponectin Levels and Adipose Tissue Architecture
Figure 5 shows the systemic levels of leptin and adiponectin in control and experimental obese rats. We observed markedly elevated levels of plasma leptin but decrease in adiponectin levels in HFD fed rats, when compared to the normal rats. Interestingly, treatment with BSTN1 has significantly (p < 0.01) decreased leptin levels, while the levels of adiponectin were increased. The H&E-stained adipose tissue sections of control rats showed the normal adipocyte structure (Figure 5B). In contrast, adipocytes of HFD-induced obese rats are significantly larger (Figure 5C) (hypertrophy) with indistinct cell walls compared to adipocytes of control rats. Relatively smaller sized adipocytes were visualized in BSTN1 treated rats indicating reduced lipid droplets, and this effect was more significant than even orlistat treated group (Figures 5D,E).
[image: Figure 5]FIGURE 5 | Effect of BSTN1 on adipokines and histology of white adipose tissue (40x magnification). (A) Plasma adipokines levels represented as mean ± SD, n = 6. # denotes significant (p < 0.001) difference between normal control and HFD control. * and ** denote significant difference between HFD control and treated groups at p < 0.05 and p < 0.01, respectively. (B) Histology of normal control adipose tissue (C) HFD-fed group showing enlarged and lipid laden adipocytes (D) HFD fed BSTN1 treated group showing reduction in adipocytes’ size and lipid content (E) HFD fed orlistat treated group. AC, Adipocyte Cell and AV, Adipocyte Volume. Scale bar: 100 µm.
Effect of BSTN1 on Hepatic Enzymes (AST and ALT) and Hepatic Tissue Architecture
Figure 6 depicts the activities of aspartate transaminase (AST) and alanine transaminase (ALT) in control and experimental obese rats. Administration of BSTN1 significantly (p < 0.01) reduced AST and ALT levels in dose dependent manner when compared to HFD control rats. Hepatic tissues of untreated and treated rats were sectioned, stained with H&E staining that represents normal hepatic structure made up of healthy hepatic lobules and a central vein possessing radiating strands in untreated rats (Figure 6B). But an accumulated lipid content around the central vein and in between the hepatocytes as well as inflated and disrupted lobules were seen in obese rats (Figure 6C). Interestingly, the liver sections from obese rats treated with BSTN1 (Figure 6D) were seem to be better/equally recovered than that of Orlistat treated group (Figure 6E). However, central veins were found to be a little dilated in BSTN1 groups than normal but cells as such were found to be healthy.
[image: Figure 6]FIGURE 6 | Effect of BSTN1 on liver enzymes (AST and ALT) levels and liver tissue histology (40x magnification). (A) Serum AST and ALT levels represented as mean ± SD, n = 6. # denotes significant (p < 0.001) difference between normal control and HFD control. * and ** denote significant difference between HFD control and treated groups at p < 0.05 and p < 0.01, respectively. (B) Histology of normal control hepatic tissue (C) HFD fed group showing disrupted tissue structure with enlarged central vein (D) HFD fed BSTN1 treated group showing improvement in hepatic structure (E) HFD fed orlistat treated group. CV, Central Vein; FD, Fat Droplets and Ep, Epithelial cells. Scale bar: 100 µm.
Effect of BSTN1 on Serum and Liver Lipid Profiles
The HFD-induced obese rats exhibited significant alterations in serum and liver lipid levels (over their respective control rats). Treatment with BSTN1 (5 mg/kg b. wt.) had significantly normalized the altered levels of serum total cholesterol (TC), triglycerides (TGL), high-density lipoprotein (HDL), low-density lipoprotein (LDL), very low-density lipoproteins (VLDL), phospholipids (PLs) and free fatty acids (FFA) (Table 2). Similarly, the liver tissue lipids including total cholesterol (TC), triglycerides (TGL) and free fatty acids (FFA) were also markedly normalized in the presence of BSTN1 (Table 3).
TABLE 2 | Effect of BSTN1 on serum lipid profile of treated and untreated rats.
[image: Table 2]TABLE 3 | Effect of BSTN1 on hepatic lipid profile of treated and untreated rats.
[image: Table 3]Effect of BSTN1 on FBG, PPBG, F-Ins and HOMA-IR
Fasting blood glucose (FBG), post-prandial blood glucose (PPBG), fasting-insulin (F-Ins) and calculated HOMA-IR values were significantly diminished in BSTN1 treated rats when compared with HFD control rats in a dose dependent manner as shown in Table 4.
TABLE 4 | Effect of BSTN1 on FBG, PPBG, F-Ins and HOMA-IR in treated and untreated rats.
[image: Table 4]In-Silico Studies
The outcome of the docking studies indicated that BSTN1 interacts with FAS (6NNA) with –100 binding energy. Consequently, the results showed that BSTN1 binds to FAS at the fatty acid binding site (substrate binding cleft), at amino acid residues His1263, Asn1458, Arg1461, and Arg1462 through multiple hydrogen (H) bonds. In addition, the site at which BSTN1 binds to the enzyme is very similar to that of the binding site for NADP and ethane diol, which suggests a stronger regulatory position for BSTN1 (Figures 7A–C). Docking studies predict that BSTN1 binds to AMPK by H-bonds close to the adenosine monophosphate (AMP) binding site with a binding energy of –148.62 (Figures 7D–F). But, close to the recognized inhibitor (JAA) binding location, BSTN1 interacts strongly with PPAR-γ with a binding energy of –194.0. Three H-bond interactions (–OH group of Tyrosine, –OH group of Serine, –NH group of Histidine) were observed between PPAR-γ and Bauhiniastatin-1 (Figures 7G–I) (Table 5).
[image: Figure 7]FIGURE 7 | BSTN1 docking to FAS, AMPK and PPAR-γ. (A−C) Computational docking of BSTN1 (red) with the FAS (6NNA). (D−F) Computational docking of BSTN1 (red) with the amino acids of targeting AMPK (6C9F). (G−I) Computational docking reveals that BSTN1 (red) strongly interacts with hydroxyl and amino groups of the tyrosine, serine and histidine residues of PPAR-γ (3WMH). FAS, fatty acid synthase; AMPK, AMP-activated protein kinase and PPAR-γ, peroxisome proliferator-activated receptor-γ.
TABLE 5 | Molecular docking of BSTN1 (11687814) depicting ligand-protein binding interactions.
[image: Table 5]DISCUSSION
Ready availability of energy dense foods and their frequent consumption coupled with sedentary life styles results in abnormal lipid profile, weight gain and metabolic disorders. Adipocyte biology reveals that, more and more accumulation of lipid droplets (triglycerides) in adipocytes leads to growth and expansion of adipose tissue to subcutaneous and visceral parts of the body (Jo et al., 2012). Diet-induced obese rats closely resemble human physiology and biochemistry and serves as an effective model for research and drug development in addition to in-vitro studies using 3T3-L1 cell lines (Rodríguez-Correa et al., 2020). Modern bioinformatic tools greatly contribute to elucidate molecule-ligand interactions and enables for effective drug development. Therefore, in-silico, in-vitro and in-vivo studies were conducted in this study to establish the anti-obesity efficacy of BSTN-1.
Maintenance of energy homeostasis in the body involves orchestrated play of complex biochemical and molecular events. At transcriptional level members of PPARs, C/EBPs and SREBPs play decisive role in adipocyte differentiation and lipid accumulation. The expression of these transcriptional factors is in turn regulated directly or indirectly by activated/inactivated AMPK. AMPK also plays a critical role in regulating hepatic lipid metabolism, glucose transport and gluconeogenesis. Hence, identifying therapeutic agents that target these molecules can serve as precious alternatives in the quest of anti-obesity drug development (Moseti et al., 2016; Agius et al., 2020).
In the in-vitro cell culture experiments, BSTN1 at 20 μM showed substantial reduction in lipid accumulation and adipogenesis in 3T3-L1 cells compared to untreated cells as evident from the Oil Red O stain and glycerol estimation assay (Figures 2A–C). Gene expression studies showed down-regulation of mRNA levels of PPARγ, SREBP1 and FAS in a dose dependent manner but AMPK expression remained unchanged in BSTN1 treated cells. This indicates, BSTN1 suppresses adipogenesis, lipogenesis and energy homeostasis by regulating at transcriptional level (Figures 3A–D). PPARγ consists of DNA binding domain, agonist-dependent and agonist-independent-activation domain expressed ubiquitously but abundantly in adipocytes. PPARγs play a central role in glucose homeostasis, fatty acid synthesis and adipogenesis (Grygiel-Gorniak, 2014). PPARγ activates fatty acid uptake leading to neutral lipid accumulation in adipocytes which is sufficient for adipogenic induction making it a master regulator of adipogenesis (Shoucri et al., 2018).
In animal experiments, a substantial reduction in body weight gain and fat mass (abdominal fat), but no significant difference in food intake and water intake was noticed with BSTN1-treated rats over their HFD controls (Table 1). Biochemical assays of AST and ALT, serum and liver lipid profile indicate the beneficial role of BSTN1 to improve healthy lipid profile and hepatic function (Figure 6A and Tables 2, 3). In addition, fasting blood glucose (FBG), post-prandial blood glucose (PPBG), fasting insulin (F-Ins) and homeostasis model assessment index for insulin resistance (HOMA-IR) levels were diminished in BSTN1 treated obese rats in contrast to HFD controls (Table 4). This confirms a potential role for BSTN1 in attenuating insulin resistance and hence to be recognised as an anti-diabetic agent also. Certain key adipokines secreted by adipose tissue such as leptin and adiponectin are involved in regulating metabolic functions related to energy homeostasis, inflammation and adiposity. In the present context, oral administration of BSTN1 decreased leptin level but increased adiponectin level (Figure 5A). They might promote lipolysis, fatty acid oxidation and inhibit lipogenesis in liver and adipose tissue through AMPK activation. AMPK gets activated through phosphorylation of a conserved threonine in the activation loop of kinase domain in the α subunit or binding of AMP that can be mimicked by ADP and can be antagonized by ATP. Many of the AMPK activators including plant derived therapeutics like resveratrol and berberine activate AMPK by indirectly inhibiting ATP levels through increasing AMP and/or ADP (Srivastava et al., 2012; Kim et al., 2016).
Histological examination still remains an excellent technique to elucidate the ultrastructural modification of tissues. Liver and adipose tissue micrographs of BSTN1 treated groups (Figures 5, 6) evidently demonstrated their recouped architecture toward normalcy. These results support the alleviating effect of BSTN1 on serum and liver biochemical parameters mentioned above. Further, to confirm the therapeutic effect of BSTN1, western blot analysis was performed to observe the expression levels of PPAR-γ and AMPK in adipose and in hepatic tissues, wherein PPAR-γ was down-regulated while AMPK was activated (phosphorylated) (Figures 3, 4). This is in agreement with previous studies which showed activated AMPK diminishes the expression of C/EBPα, PPARγ, SREBP1 and acyl-CoA carboxylase (ACC) in adipose and hepatic tissues and thus inhibits synthesis of fatty acids and triglycerides (Ahmad et al., 2020). Some natural compounds such as capsaicin, guggulsterone, green tea extract, genistein and piperine were shown to regulate glucose homeostasis and fatty acid synthesis in liver as well as adipose tissue through PPARγ and AMPK mediated signaling to reduce fat accumulation (Feng et al., 2016). These results unambiguously emphasize the pharmacological efficiency of BSTN1 in alleviating obesity and improving hepatic function.
The molecular docking studies also suggest that BSTN1 binds AMPK at the AMP binding site through hydrogen bonding with Thr86, Val127, and Pro129. BSTN1 binding with Thr86 implicates that BSTN1 potentially activates AMPK function as well as expression through the interactions or vice versa. BSTN1 binds to PPAR-γ mediated by hydrogen bonding with amino acids Ser289, Tyr327, and His449. The observed down regulation of PPAR-γ expression could be in part due to these interactions initiating negative feedback loop. Our studies demonstrate that BSTN1 binds to AMPK near the adenosine monophosphate (AMP) binding site there by potentially mimicking AMP to activate AMPK. However, the binding of BSTN1 to the AMPK and PPAR-γ proteins seems to have positive and negative regulatory action on the transcription of AMPK and/or PPAR-γ respectively. In addition, potential binding prediction of BSTN1 with FAS indicates the inhibitory function of BSTN1 on FAS as well. BSTN1 binding at fatty acid binding site of FAS seem to be very interesting, but the lower negative energy of these interaction warrants to further investigate these enzyme substrate/inhibitor interactions (Figure 7). Previous studies reported that, 1w5-aminoimidazole-4-carboxamide riboside (AMPK activator) mediated activation of AMPK was shown to inhibit PPAR-γ and PPAR-α which may not be mediated through RXR or PPAR/RXR binding to DNA implicating potential multiple level regulation of BSTN1 on PPAR-γ (Sozio et al., 2011). This suggests complex agonist/antagonist binding dynamics with AMPK and PPAR-γ explaining BSTN1 binding to these two key proteins.
CONCLUSION
Considering the clearly demonstrated results of in-vitro and in-vivo studies, an emphasizing pharmacological efficiency of BSTN1 against obesity and dyslipidemia is elucidated via PPAR-γ and AMPK modulation. These evidences are further complimented and confirmed by molecular docking studies. Therefore, BSTN1 could be considered as a potential pharmacological agent in drug development to combat obesity ailments.
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Variable Phenotype P value

Control Gunn

Serum TBIL (umol L")

Males 2.76 (0.66) 998 (15.9) <0.001

Females 233 (1.20) 79.3 (20.6) <0.001
Body length (cm)

Males 25.2 (1.10) 23.9 (1.15) 0.09

Females 21.2(0.65) 19.7 (0.58) <0.001
Bodyweight (g)

Males 309 (17.7) 261 (37.4) <0.001

Females 176 (16.5) 150 (9.57) <0.001
Lean mass (g)

Males 256 (18.4) 215 (32.1) <0.001

Females 160 (16.0) 140 (12.1) <0.01
Fat mass (g)

Males 530 (17.7) 46.8 (19.3) 0.46

Females 16.1(6.65) 9.94 (5.35) <0.05
Liver triglycerides (mg g~')

Males 9.99 (3.16) 9.45 (4.38) 078

Females 465 (1.67) 239 (0.92) <0.01
Lean mass (% of bodyweight)

Males 83.0 (5.34) 82.3(6.82) 0.79

Females 90.9 (3.81) 93.3 (3.89) 0.18
Fat mass (% of bodyweight)

Males 17.0 (6.34) 17.7 (6.82) 079

Females 9.13(381) 6.70 (3.83) 0.18
Soleus (mg)

Males 175 (38.1) 134 (24.2) <0.05

Females 104 (18.1) 76.3 (11.0) <0.001
EDL (mg)

Males 147 (20.5) 120 (10.1) <0.01

Females 89.7 (7.80) 64.0 (9.72) <0.001

Two diffierent cohorts of animals were used for the parameters analyzed. DEXA analysis
(bodyweight, lean mass, and fat mass) was conducted on animals from Cohort 3
constituting 27 control and 16 Gunn rats. All other parameters were measured on
animals from Cohort 2 constituting 18 control and 19 Gunn rats. Control group
represents normobiliubinernic heterozygote littermates. Gunn group represents
hyperbilirubinemic homozygote littermates. TBIL, total bilrubin; EDL, extensor digitorum
longus. Values are represented as mean (standard deviation). Al comparisons are made
between phenotype within the same sex.
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Variable Phenotype P value

Control (n = 18) Gunn (1 = 19)
Liver (g)

Males 14.8 (3.01) 13.8 (2.79) 052

Females 884 (129) 874 (091) 082
Heart (g)

Males 1.19 (0.11) 1.07 (0.13) 007

Females 082 (0.06) 067 (0.06) <0.001
Lungs (g)

Males 1.54 (0.23) 1.37 (0.19) 0.14

Females 1.15 (0.12) 0.95 (0.08) <0.001
Kidney ()

Males 1.62 (0.23) 1,63 (0.22) 048

Females 0.98 (0.06) 0.77 (0.04) <0.001
Spleen (g)

Males 147 (0.12) 1.03 (0.13) 0.05

Females 080 (0.10) 073(0.12) 0.15
Testes (g)

Males 1.89 (0.20) 175 (0.13) 024

Control group represents normobiliubinemic heterozygote litermates. Gunn group
represents hyperbiliubinemic homozygote littermates. Values are represented as mean
(standard deviation). All comparisons are made between phenotype within the same sex.
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Dependent variables
Liver (mg)

Males (n = 14)

Females (n = 22)

Combined (n = 36)
Heart (mg)

Males (n = 14)

Females (n = 20)

Combined (n = 34)
Lungs (mg)

Males (n = 14)

Females (n = 21)

Combined (n = 35)
Kidney (mg)

Males (n = 14)

Femnales (n = 22)

Gombined (1 = 36)
Spleen (mg)

Males (n = 14)

Females (n = 22)

Gombined (0 = 36)
Soleus (mg)

Males (n = 14)

Females (n = 22)

Gombined (1 = 36)
EDL (mg)

Males (n = 14)

Females (n = 22)

Combined (n = 36)

Independent variables

Bodyweight”
By (95% CI)

407 (320, 49.3)
356 (21.0, 50.2)
32.0 (287, 35.3)

1.69 (1.20, 2.18)
0.90 (-0.39, 2.20)
1.99 (1.78, 2.20)

2.78 (1.88, 3.68)
1.63 (-0.38, 3.63)
2.31(1.98, 2.64)

2.86 (1.78, 394)
082 (-0.12, 1.76)
362 (3.27, 396)

1.37 (050, 2.23)
1.67 (-0.45, 3.79)
1.70 (1.36, 2.04)

0.44 (0.33, 0.54)
0.46 (0.24, 0.68)
0.36 (0.32, 0.40)

0.19(0.10, 027)
021 (0.05, 0.36)
0.28 (025, 031)

Phenotype®
B2 (95% Cl)

1,070 (~156, 2,300)
2,440 (1,220, 3,670)
1,550 (873, 2,230)

-31.8 (101, 37.6)
775 (185, 29.9)
-4.21 (-47.3, 38.8)

-34.9 (-162, 92.6)
-80.6 (253, 91.7)
-435 (-112,24.8)

49.9 (104, 203)
147 (-226, ~67.6)
71.1 (029, 142)

~56.7 (-180, 66.4)
49.6 (128, 228)
184 (-52.3, 89.1)

-159 (-31.1, -0.66)
510 (-13.3, 23.5)
-9.22 (-17.9, -0.57)

149 (-27.3, -2.46)
~11.1 (-240, 1.85)
-6.89 (-13.5, 0.33)

0.91
0.58
0.92

0.87
0.64
0.93

0.84
0.58
0.88

0.77
0.85
0.93

0.63
021
0.76

0.92
0.74
0.91

0.81
0.79
0.92

P value

<0.001°, 0.08"
<0.001° <0.001"
<0.001%, <0.001°

<0.001%, 0.33°
0.16°, 0.15°
<0.001?, 0.84°

<0.001°, 0.56"
0.11%,0.34°
<0.001°, 0.20°

<0.001°, 0.49"
0.08%, <0.01°
<0.001% <0.05"

<0.01% 033"
0.12% 0.57°
<0.001°, 0.60°

<0.001°, <0.05°
<0.001°, 0.57°
<0.001° <0.05”

<0.001%, <0.05”
<0.05% 0.09°
<0.001%, <0.05”

Phenotype was entered as a dummy variable with normobiliubinemic phenotype used as the reference group to which the hyperbiliubineric phenotype was compared. B;. represent
the un-standardized regression coeffcients for bodyweight and phenotype, respectively. The “B coefficient” estimates the change in mass (mg) of the dependent variables per unit of
increase in bodyweight (g) or in the presence of the hyperbilrubinemic phenotype. CI, Confidence Interval: EDL, extensor digitorum longus.
“Statistical significance of bodyweight as an independent predictor of organ weight p < 0.05.
bStatistical significance of phenolype as an independent predicior of argan weight b < 0.05.
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Ligand

Bauhiniastatin-1
(BSTN1)

Proteins.

PPAR-y
(BWMH)
AMPK (6C9F)
FAS (BNNA)

Binding
energy

-194.0

-148.62
-100.0

Bond
length (A)

233

333
336

Bonding interaction

H-bond interaction [-OH group of tyrosine (Tyr327), JJA—OH group of serine (Ser289), -NH
group of histidine (His449)]

H-bond interaction (AMP binding site—Thr86, Val127 and Pro129)

H-bond interaction (His1263, Asn1458, Arg1461 and Arg1462)
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Parameters Normal control HFD control BSTN1-1.25 mg BSTN1-2.5 mg

FBG (mg/d) 86.12+ 4.6 159.6 + 8.0 1330+ 6.1* 1151 £ 92"
PPBG (mg/dl) 99.6 + 5.0 211.1 £ 9.4% 1746+ 3.7" 1415+ 87"
F-Ins (uIU/mi) 1457+ 1.8 18.07 +1.3* 1633 £ 2.1* 15.09 + 20"
HOMA-IR 3.1 744 5.0 43"

p < 0.001 indlicates significant difference between HFD control and normal control. *, **and *** indicate significant difference between HFD control and treated groups at p < 0.05, p <
0.01, and p < 0.001, respectively. FBG, fasting blood glucose; PPBG, post-prandial blood glucose; F-Ins, fasting insulin; HOMA-IR, homeostasis model assessment index for insuin
resistance.
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Parameters Normal control HFD control
TC (mg/d) 61.37 £ 53 1182+ 7.4"
TGL (mg/d) 849+27 1561+ 7.7°
FFA (mg/g) 69.34 £ 30 125.8 + 23"

BSTN1-1.25 mg BSTN1-2.5mg BSTN1-5 mg ORL-5mg

11164122 91.3+ 1.0 6768 629+75"
127.7 +£1.3" 97825 79.07 £1.7° 81.6+217
1049 + 30" 84.1+23" 703277 623217

The datais expressed as themean + SD, n = 6. *p < 0.001 indicates significant diference between HFD control and normal control.*, * and** indicate significant difference between HFD
control and treated groups &t p < 0.05, p < 0.07, and p < 0.007, respectively. TC. total cholesteral: TGL, trigherides and FFA, free fatly acid.
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TC (mg/d)
TGL (mg/d)
HDL (mg/d)
LDL (mg/d)
VLDL (mg/di)
PLs (mg/d)
FFA (mg/di)

Normal control

840 +4.1
1489 +9.4
458+ 11.6
628+ 19
1244158
57.1+£32
46.7 £2.2

HFD control

114.5 + 132"
185.9 + 8.7"
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842+ 1.7"
294 217"
1127 + 76"
96.3 +9.6"

BSTN1-1.25 mg

98.4 +9.4*

173.7 + 6.4*
31.7 £ 129°
i 1e

210+ 126
101.4 + 12.1*
874+ 1.7

BSTN1-25mg

923+93"
160.3 + 66"
395+ 135"
711£13"
1781817
843+37"
64.1+9.4"

ORL-5mg

756+ 153"
131.0 9.2

134 + 13!
634 £ 11,
505+ 157"

447 +87"7

The data is expressed as the mean + SD, n = 6. *p < 0.001 indicates significant difference between HFD control and normal control, *, **and ***indlicate significant difference between HFD
control and treated groups at p < 0.05, p < 0.01, and p < 0.001, respectively. TC, total cholesterol; TGL, triglycerides; HDL, high-density lipoprotein; LDL, low-density lipoprotein; VLDL,

very low-density liooprotein: PLs, phospholipids and FFA, free fatty acid.
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Parameters

Food intake (g/day/rat)
Water intake (mL/day/rat)
Initial body weight (g)
Final body weight (g)
Body weight gain (g)
Lean body mass (g)
Total body fat (g)

Body fat (%)

Fat free mass (g)

Total body water

Total body Na+

Total body K+

Normal control

167 + 0.7

21412

1683 + 7.0
2481+ 63
798 + 4.6

2379+ 70
102+ 14

41+£06

1471 + 4.1

620.1 + 185
8694 + 25.7
1783.1 + 51.0

HFD control

14311
261408
1825+ 9.4
4863 + 90"
303.8 £ 165"
407.3+78"
79+7.8"
162+ 15"
225.4+53"
972.6 + 239"
1,349 + 331"
2,752.4 + 65.6"

BSTN1-1.25 mg

145408
24510
177.3+84
4452 +11.0°
267.8 + 10.7*
382.6 + 13.6"
62.5+3.8"
141 £1.1%
2155 +8.3"
928.2 + 37.4*
1,287.3 + 52.0"
2,630.3 + 103.0*

BSTN1-2.5mg

147 £ 0.1
257407
1793 + 107
4015 +12.0°
2222+ 148"
3586 + 14.2°
429+24"
107 £09"
2068485
8889 + 38.3"

1,232.7 + 532"
25223+ 1054”7

BSTN1-5 mg ORL-5mg
15209 151+ 03
259+ 1.1 245405
183.2 + 80 1808 + 5.9

3205+ 139" 3127777

1373+ 1787

295.7 + 14,
249+19"

78+0.7
1759 + 83" 1783 +397
749.7 £37.27 738 £17.47
1,039.4 +51.7 1,023.2 + 24.2"
2,139.5 + 102.3" 2,107.3 £ 48.0™

The data is expressed as the mean + SD, n = 6. *p < 0.001 indicates significant difference between HFD control (olacebo) and normal control,*, ** and ** indicate significant difference
between HFD control and treated groups & p < 0.05, p < 0.01, and p < 0.001, respactively.
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Variable Phenotype P value
Control Gunn

Food intake (kcal day ™)

Males 835 (14.1) 82.4 (6.78) 085
Females 63.3 (6.95) 54.1(6.38) <001
Bodyweight gain (Day 16-Day 0) (g)
Males 22.1 (4.78) 21.1 (14.1) 084
Females 15.2 (5.29) 6.60 (6.10) <0.01
Energy efficiency (mg keal™’)
Males 15,6 (2.70) 17.0 (7.60) 065
Females 14.9 (6.10) 8.09 (5.75) <0.05

Control and Gunn groups represent normobilirubinemic heterozygote and
hyperbilibinemic homozygote littermates, respectively. Values are represented as
mean (standard deviation). Statistical comparisons are made between phenotypes within
the same sex.
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