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Abstract

:

Iron is an essential element involved in a variety of physiological functions. However, excess iron catalyzes the generation of reactive oxygen species (ROS) via the Fenton reaction. Oxidative stress, caused by an increase in intracellular ROS production, can be a contributory factor to metabolic syndromes such as dyslipidemia, hypertension, and type 2 diabetes (T2D). Accordingly, interest has grown recently in the role and use of natural antioxidants to prevent iron-induced oxidative damage. This study investigated the protective effect of the phenolic acids; ferulic acid (FA) and its metabolite ferulic acid 4-O-sulfate disodium salt (FAS) against excess iron-related oxidative stress in murine MIN6 cells and the pancreas of BALB/c mice. Rapid iron overload was induced with 50 μmol/L ferric ammonium citrate (FAC) and 20 μmol/L 8-hydroxyquinoline (8HQ) in MIN6 cells, while iron dextran (ID) was used to facilitate iron overload in mice. Cell viability was determined by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay, ROS levels were determined by dihydrodichlorofluorescein (H2DCF) cell-permeant probe, iron levels were measured by inductively coupled plasma mass spectrometry (ICP-MS), glutathione, SOD (superoxide dismutase) and lipid peroxidation, and mRNA were assayed with commercially available kits. The phenolic acids enhanced cell viability in iron-overloaded MIN6 cells in a dose-dependent manner. Furthermore, MIN6 cells exposed to iron showed elevated levels of ROS, glutathione (GSH) depletion and lipid peroxidation (p < 0.05) compared to cells that were protected by treatment with FA or FAS. The treatment of BALB/c mice with FA or FAS following exposure to ID increased the nuclear translocation of nuclear factor erythroid-2-related factor 2 (Nrf2) gene levels in the pancreas. Consequently, levels of its downstream antioxidant genes, HO-1, NQO1, GCLC and GPX4, increased in the pancreas. In conclusion, this study shows that FA and FAS protect pancreatic cells and liver tissue from iron-induced damage via the Nrf2 antioxidant activation mechanism.
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1. Introduction


Iron is a potent pro-oxidant and has a fined-tuned control mechanism that regulates iron entry, iron recycling and iron distribution within the body iron [1]. There are no specific excretory pathways for iron so if excess iron is stored in the body there is a high risk of iron overload and iron-related toxicity. Evidence abounds that increased levels of iron can induce the generation of reactive oxygen species (ROS) via the Fenton reaction. This forms the basis for iron-induced pancreatic β-cell apoptosis and dysfunction in humans [2,3] and in mouse models of hereditary hemochromatosis [4]. The Fenton reaction involves iron-induced catalytic degradation of hydrogen peroxide into a highly reactive hydroxyl free radical which attacks pancreatic β cells through increased oxidative stress and induces β cell apoptosis [5].



Pancreatic islets are highly vulnerable to iron overload-mediated oxidative stress and can lead to impaired insulin signalling, mitochondrial dysfunction, and inhibition of ATP production [6,7]. Iron overload affects several other tissues involved in lipid and glucose metabolism such as the muscle, liver, adipose tissue, and organs influenced by chronic diabetic complications [8]. For example, excess iron may diminish glucose utilization in muscle and lead to a shift from glucose to fatty acid oxidation and may result in increased insulin resistance [9]. In addition, increased iron storage in the liver may induce insulin resistance by decreasing hepatic insulin extraction from the circulation [10]. Moreover, elevated total body iron is associated with an increase in the rate of adipocyte lipolysis and higher circulating free fatty acid levels, which in turn mediates insulin resistance and raises the risk of type 2 diabetes [11].



Pancreatic islets are extremely susceptible to oxidative stress, possibly due to low expression of the antioxidant defence enzymes and the exclusive reliance on the mitochondrial metabolism of glucose [12]. Iron-induced oxidative stress can result in pancreatic cell damage. Death of β cells can consequently lead to diminished insulin secretion and therefore the development of T2D [13]. Mouse models of HFE-associated hereditary hemochromatosis (HFE-HH), which are characterised by excessive intestinal absorption and accumulation of iron in several tissues (including the pancreas), show increased expression of apoptotic genes in the pancreas [4]. A meta-analysis of 11 prospective studies including patients with hereditary hemochromatosis (HH) showed that increased body iron stores were considerably associated with a greater risk of T2D [9]. Consequently, it is thought that iron accumulation is likely related to the development of insulin resistance and T2D.



In the past decades, plant-origin phenolic acids have drawn increasing scientific attention due to their potential antioxidant properties and their vital effects in preventing various oxidative stress-associated diseases [14]. Two mechanisms are commonly proposed to explain the multifunctional antioxidant role of phenolic compounds, namely: metal chelation and free radical scavenging [15]. Phenolic acids are thought to play a naturally protective role in excess iron-related diseases and iron-induced ROS generation. Ferulic acid (FA) is the most abundant phenolic acid found in cereal grains, which constitutes its primary dietary source. FA is more easily absorbed into the body and stays in the blood longer than any other phenolic acid; thus, it is a superior antioxidant [16]. FA has low toxicity and possesses several physiological functions, including anti-inflammatory, antimicrobial, anticancer anti-arrhythmic and antithrombotic activity. It also has demonstrated antidiabetic effects and immunostimulant properties, and it reduces nerve cell damage and may repair damaged cells [16].



In the present study, we investigated iron-induced oxidative damage in murine MIN6 cells and the pancreas and examined the accompanying changes in antioxidant status. In addition, we tested whether FA treatment might protect pancreatic β-cells and tissues against excess iron by activating the Nrf2 antioxidant mechanism.




2. Results


2.1. Protective Effects of Phenolic Acids against Iron Overload in MIN6 Cells


To examine whether phenolic acids could protect pancreatic cells under iron overload conditions, rapid iron loading in cells was achieved by treating MIN6 cells with 50 μmol/L FAC and 20 μmol/L 8HQ (8HQ + FAC) for 2 h [17]. The FAC + 8HQ complex is an established model to study iron-induced toxicity in cells; 8HQ is a lipophilic chelator that facilitates the rapid entry of iron into cells, and it exerts toxicity to cells even after 15 min [17,18]. This has been demonstrated in other cellular models [17,19]. Iron bound to the lipophilic iron chelator, 8-hydroxyquinoline, causes DNA strand breakage in cultured lung cells [20]. Consequently, cell viability was reduced by 54% (p < 0.05) following FAC + 8HQ treatment compared with the control group (Figure 1A). Next, to examine the protective effect of FA and FAS treatments on iron overload in MIN6 cells, cells were treated with or without FA and FAS (5, 10, 20, 30 and 40 μmol/L) overnight before exposure to FAC + 8HQ. Concentrations of phenolic acids were determined based on the antioxidant effects of FA [21]. The decrease in cell viability following exposure to FAC + 8HQ was abolished by FA or FAS treatment in a dose-dependent manner (Figure 2B, C; p < 0.05). The maximal effective concentration of both phenolic acids was 20 μmol/L and, therefore, this concentration of FA and FAS was selected for further experiments.




2.2. Depletion of Oxidative Stress Markers in MIN6 Cells Treated with Phenolic Acids


To demonstrate whether FA and FAS might protect cells from iron overload, pancreatic MIN6 cells were treated overnight with or without 20 μmol/L FA or FAS and then exposed to FAC + 8HQ for 2 h. Intracellular ROS level was detected in FAC + 8HQ-treated MIN6 cells by measuring 2′, 7′–dichlorofluorescein (DCF) by flow cytometry. Compared with the control group, the intracellular ROS level of MIN6 cells significantly increased following treatment with FAC + 8HQ (p < 0.05). Notably, pre-treatment with FA and FAS effectively reduced FAC + 8HQ-induced ROS accumulation (Figure 2A), although treatment with FA or FAS in the absence of FAC + 8HQ did not change intracellular ROS levels in MIN6 cells [22]. MDA, a product of lipid peroxidation, indirectly reflects the degree of disruption in the cell membrane [23]. In order to indicate the protective capacity of phenolic acids against lipid peroxidation, MDA levels were measured in MIN6 cells. When compared with the FAC+8HQ treatment group, MDA levels in iron-loaded cells following FA or FAS treatment were significantly decreased (p < 0.05; Figure 2B). MIN6 cells did not show any significant change in MDA levels when treated with 50 μmol/L FAC only, attesting to the efficacy of 8HQ to effect rapid diffusion of iron into the cells (Figure 2). To clarify whether FA and FAS have inhibitory effects against iron accumulation, cellular iron levels were measured by inductively coupled plasma mass spectrometry (ICP-MS). FAC alone resulted in a modest but insignificant increase in cellular iron. In comparison, FAC + 8HQ treatment group showed a significant increase in iron levels in comparison to the control group (p < 0.05; Figure 2C). Other forms of iron also increased cellular iron levels; however, FAC + 8HQ was the most effective (Figure S1). The increase in cellular iron following FAC + 8HQ was reversed by pre-treatment of MIN6 cells with FA or FAS by 0.6 and 0.7 nmol/mg protein, respectively (p < 0.05; Figure 2C).




2.3. Cellular Antioxidant Activity in MIN6 Cells Exposed to Phenolic Acids


Recent studies have shown that the imbalance in the redox state is involved in pancreatic β cell damage [24]. FAC + 8HQ complex can penetrate rapidly through cellular membranes due to the increased lipophilic nature of this metal complex. In addition, 8HQ results in a high-stability iron complex, which leads to rapid iron accumulation and ROS production [25]. As both phenolic acids effectively reduced ROS levels in FAC + 8HQ-treated MIN6 cells, it was speculated that the effect of FA or FAS treatments could enhance the antioxidant activity in pancreatic β cells supplemented with iron. To test this notion, GSH levels and SOD activity were measured in MIN6 cells treated overnight with (and without) 20 μmol/L FA or FAS and subsequent exposure to FAC + 8HQ for 2 h. As expected, FAC + 8HQ-treated MIN6 cells displayed impaired GSH and SOD activity by 59% and 57% (p < 0.05), respectively, while the pretreatment with FA or FAS significantly diminished the iron-induced decrease in GSH and SOD (Figure 3A,B; p < 0.05). Phenolic acids alone did not show any significant effects on the activities of the enzymes in MIN6 pancreatic cells, as shown in our previous study [22].




2.4. Insulin Secretion Is Increased in MIN6 Cells Treated with Phenolic Acids


In line with its cytotoxic effects, rapid iron overload treatment significantly decreased insulin secretion (p < 0.05) in MIN6 cells. This effect was reversed by FA treatment and in the case of FA there was a significant 0.5-fold increase in insulin secretion compared with the FAC + 8HQ treatment group (Figure 4) (p < 0.05). Under similar experimental conditions, the depolarizing agent KCl (20 mmol/L) as a positive control induced a 4.5-fold increase in insulin secretion compared with the low glucose level group (2 mmol/L) (p < 0.05).




2.5. Phenolic Acids Activate Nrf2 Signaling Pathway in Pancreatic Tissues under Iron Overloaded Conditions


To further identify whether the protective effects of FA and FAS on the pancreas under iron-overloaded conditions are dependent on the Nrf2 pathway, the mRNA levels of Nrf2 and some of its downstream genes were determined in pancreatic tissues of iron-loaded BALB/c mice with or without administration of phenolic acids. To facilitate iron accumulation, iron dextran (100 mg/kg) (ID) was injected intraperitoneally in mice on alternate days for 10 days. Mice were given FA and/or FAS for 10 consecutive days (20 mg/per kg of FA or FAS given by oral gavage (100 μL volume)). Nrf2, NQO1, GCLC, HO-1 and GPX4 mRNA expression were determined by qPCR. As is shown in Figure 5, Nrf2, NQO1, GCLC, HO-1 and GPX4 gene expressions in pancreatic tissues of mice treated with phenolic acids were significantly elevated (four-fold) compared with mice treated with iron dextran (ID) only (p < 0.05). Additionally, to understand the consequence of iron overload and deposition in pancreatic tissues, mRNA expression of FPN levels, the only known efflux protein, was determined (Figure 5). ID alone had no effect on FPN mRNA levels. However, treatment with FA or FAS under ID conditions increased the mRNA expressions of FPN levels by 1.5- and 1.2-fold, respectively. To determine whether these changes in mRNA expression following ID and/or phenolic acid treatment might relate to cellular iron levels we measured mRNA expression of the iron storage protein ferritin (FtH) which is strongly regulated by cellular iron status. FtH mRNA was significantly increased in the pancreas of iron-treated mice (p < 0.05), while FA supplementation in ID-treated mice reversed this effect significantly (p < 0.05).





3. Discussion


Experimental and clinical studies suggest the involvement of oxidative stress in the development and progression of metabolic syndrome and its complications in disorders such as T2D, hyperglycemia and coronary heart disease [26,27]. The therapeutic antioxidant potentials of phenolic acids in preventing oxidative stress-related diseases have been considered in numerous studies [28,29]. FA has thus been well-characterised as a phenolic compound with antioxidative and anti-inflammatory properties that can exert a protective role against oxidative stress [30]. This study investigated whether the phenolic acid FA, or its metabolite FAS, play the role of inhibitors of iron-induced oxidative stress in pancreatic β cells and tissues.



The current study used MIN6 cells as an in vitro model that possesses both glucose-induced insulin secretion capacity and low antioxidant activity. Pancreatic β cells are sensitive to oxidative stress due to the high production of ROS during metabolism and relatively low levels of antioxidant enzymes, particularly those associated with GSH metabolism [31]. A model of iron-induced damage was employed in which MIN6 cells were exposed to 50 μmol/L FAC and 20 μmol/L 8HQ for 2 h. The FAC + 8HQ protocol is a rapid iron-loading model with which to study iron-dependent ROS induction, oxidative stress, and insulin resistance [17]. This approach has been used previously to elucidate the effect of curcumin against iron-induced cell damage [17].



Oxidative stress represents an imbalance between ROS production and antioxidant defense capacity [32]. Damage to antioxidant mechanisms can cause excessive accumulation of ROS, leading to oxidative injury [33]. Iron-induced oxidative stress is closely correlated with several chronic diseases. Here, we showed that in MIN6 cells, FA could reduce cellular iron, improve cell viability, decrease ROS production and MDA levels and increase GSH and SOD activity following an iron-induced oxidative challenge. Consistent with these findings, FA treatment has been shown to reduce MDA levels and increase GSH levels in sepsis-induced rats, suggesting FA can counteract the effects of sepsis-induced oxidative damage [31]. The mechanism of action of FA is based on the inhibition of the formation of reactive oxygen species (ROS), and chelation of metal ions [30]. FA has an OH group on its aromatic ring, which has the capacity to bind metal ions including iron. This chelating effect might reduce the amount of free iron and thus the capacity to generate free radicals [34].



Our results showed that excess iron levels in MIN6 pancreatic cells reduced glucose-stimulated insulin secretion levels compared to the control group. This was partly rescued by treatment with FA (Figure 4). A study by Nomura et al. observed a similar trend where 10 μmol/L FA significantly increased glucose-stimulated insulin secretion in rat pancreatic RIN-5F cells [35]. Iron overload has been associated with impaired insulin secretion, insulin signaling, and glucose metabolism [36]. The association may be bidirectional as hyperinsulinemic conditions induce the redistribution of transferrin receptors on the cell surface, thereby enhancing tissue iron storage [37]. Although there is conflicting evidence for an association between hyperferritinemia and T2D, mild elevations in body iron stores have been shown to correlate with the onset of aberrations in glucose metabolism [38]. Despite regulated mechanisms for maintaining iron homeostasis [27], excess iron levels can deplete cellular energy stores through oxidative stress, thus leading to cell death and insulin insufficiency [39]. This may imply that severe iron overload could contribute to the aetiology of T2D. A study by Abraham et al. showed that HH subjects had a low insulin secretion capacity, whereas normalization of iron deposition with the phlebotomy technique improved insulin secretory capacity [40]. Further studies are required to determine whether phenolic acids can play an antidiabetic role in conditions where iron overload is prevalent.



Previous studies have shown that iron accumulation in the liver of Swiss albino mice following iron dextran treatment led to increased production of MDA and ROS. Supplementation with phenolic acid, tannic acid, decreased liver iron, MDA and ROS levels [41]. Natural compounds including phenolic acids exhibit not only a direct antioxidant mechanism by removing ROS but may also impact an endogenous protective mechanism such as the Nrf2 defense signaling pathway [42]. Nrf2 is the central regulator involved in maintaining cellular redox homeostasis and modulating the expression of phase II enzymes such as NQO1, GCLC, GPX4 and HO-1, which in turn protect cells from oxidative damage, inflammation, and apoptosis [43]. Previous studies have confirmed that Nrf2 activation restores the impaired antioxidant signaling to resist oxidative stress and the enhancement of Nrf2 activity is, therefore, a potential therapeutic strategy for the treatment of oxidative stress-induced diseases [44,45]. In the present study, FA and FAS treatment effectively upregulated Nrf2 and its downstream antioxidative genes at the transcriptional level in pancreatic tissues of iron-loaded BALB/c male mice. A limitation of our study was the lack of available pancreatic tissue to perform a confirmatory analysis of protein expression levels. Nonetheless, our data provide evidence that the antioxidant effect of FA on iron-loaded cells and pancreatic tissues is achieved by activating the Nrf2 pathway. Interestingly, FA treatment increased mRNA expression of the iron exporter FPN, which may limit iron accumulation in the pancreas. To determine whether the FA-mediated changes in Nrf2-regulated genes were associated with pancreatic iron status, we measured the mRNA levels of the iron storage protein FtH. The expression of FtH is highly sensitive to changes in tissue iron content and, in our studies, FtH was increased by ID supporting the notion that ID treatment increases pancreatic iron levels [46]. When mice were co-treated with FA, there was a significant decrease in FtH expression. Given the iron chelating effects of FA noted in MIN6 cells (Figure 2C), the suppression of iron-induced FtH mRNA by FA most likely occurs through reducing iron storage in the pancreas.



The doses of FA and FAS (20 mg/kg) used in our animal study were calculated according to Reagan-Shaw et al. [47]. The human equivalent dose for the mice is 1.6 mg/kg, which corresponds to around 112 mg of FA consumed daily by adults [48]. Although there have been few studies on the tissue distribution of FA after oral administration, FA remains in circulation longer than other antioxidants such as ascorbic acid, which are cleared rapidly [49]. FA may therefore be available for use by a wider range of tissues to combat changes in oxidative metabolism.



In summary, FA can protect pancreatic cells and tissues against iron-induced oxidative stress damage through Nrf2 signaling defense mechanism. The phenolic acids perform this function by metal chelation, free radical scavenging and potentially by activation of the Nrf2 antioxidant signaling pathway. The implications of these findings to the management of iron overload damage oxidative stress disorders require further investigation.




4. Materials and Methods


Experimental reagents and antibodies: Phenolic acids, ferulic acid (FA) and ferulic acid 4-O-sulfate disodium salt (FAS) were purchased from Toronto Research Chemicals (Toronto, ON, Canada). All other reagents were procured from Sigma-Aldrich (Dorset, UK), unless specified. Most of the methods employed in the current study are standard operating procedures, as described in our previous studies [22,50].



MIN6 cells: The mouse MIN6 pancreatic β-cell line was used in this study for maintaining Dulbecco’s modified Eagle’s medium (DMEM) [51]. The cells (<30 passages) were routinely cultured in T25-cm2 plastic flasks. DMEM was supplemented with 0.1 mg/mL streptomycin, 15% heat-inactivated fetal bovine serum (FBS) and 100 U/mL penicillin. Cells were kept at 37 °C under a humidified incubator in the presence of 5% CO2. The medium was changed twice a week. Cells were used for experimentation or split when 80–90% confluent.



Experimental groups: Six-week-old BALB/c male mice (24–30 g each) were housed at 21–23 °C in a 12-h dark/light cycle. The mice were nourished with a standard laboratory pellet diet and water ad libitum. Animal care and all procedures were conducted in accordance with methods approved by the College Research Ethics Committee of King’s College London, and the United Kingdom Animals (Scientific Procedures) Act. 1986 (ASPA). Animals were divided randomly into four groups (n = 5): control, iron dextran (ID), FA + ID and FAS + ID. Iron treatment received five doses of ID injected intraperitoneally (i.p.) every 2 days for 10 days to induce the iron overload condition. Mice were exposed to FA and/or FAS for 10 days by gavage a day before the commencement of iron loading. The control group mice were given sterile saline by gavage for 10 days. Euthanasia of the mice was carried out on the 11th day by injecting 0.4–0.6 mL of pentobarbitone sodium 20% w/v solution (i.p.) into the mice. Pancreatic tissues were collected and flash-frozen with liquid nitrogen and kept at −70 °C.



Cell Viability Assay: Protective effects of phenolic acids against iron-induced cell death were investigated in pancreatic MIN6 cells according to the protocol described in our previous study (22). Cellular metabolic activity was measured using the 3-(4,5 dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay in a 96-well plate. MIN6 cells were cultured at a density of 5 × 104 cells per well and pre-treated with different concentrations of FA or FAS overnight, before being treated with 8HQ + FAC for 2 h. After different treatments, cells were washed with fresh PBS to remove supernatants. An amount of 10 μL of MTT solution (5 mg/mL in sterile phosphate buffer saline) and 100 µL of fresh DMEM were added to each well. Then, incubating for 3 h at 37 °C, 100 μL of a solubilization buffer, dimethyl sulfoxide (DMSO) was added and incubated for 15 min at room temperature. To determine the MTT reaction in the cells, optical density was read in a microplate reader (Bio-Tek ELx800, Bio-Tek, Potton, UK) at a wavelength of 490 nm. Cell survival rates were expressed as a percentage of the controls [52].



Iron-induced Stress on MIN6 Cells: Pancreatic MIN6 cells were pre-treated with various compounds before being exposed to rapid iron overload damage [17] with 50 μmol/L FAC and 20 μmol/L 8HQ (FAC + 8HQ). Cells were incubated for a further 2 h at 37 °C to allow rapid iron uptake. Then, cell viability was determined with the MTT assay.



Measurement of intracellular reactive oxygen species: Dihydrodichlorofluorescein (H2DCF) cell-permeant probe was used to monitor ROS according to the manufacturer’s recommendations. Pancreatic MIN6 cells from different treatment groups were collected and washed with fresh PBS and afterward incubated for 90 min in the dark at 37 °C in PBS with 10 μmol/L of H2DCF. The level of ROS generated was measured using flow cytometry based on the fluorescence intensity of DCF at 525 nm after excitation at 485 nm. The levels of ROS were shown as units of fluorescence compared with that of the control group.



Lipid peroxidation assay: The level of lipid peroxidation of MIN6 cells was measured and MDA content was determined using the lipid peroxidation colorimetric assay kit purchased from Cohesion Biosciences (London, UK) according to the manufacturer’s instructions. The absorbance of the supernatant was examined at 532 and 600 nm. MDA levels were normalized with protein content in cells and expressed as nmol/mg protein.



Intracellular iron measurement: MIN6 cells were plated in 6-well plates (106 cells/well) and allowed to make an attachment for 4 to 5 days. Afterwards, MIN6 cells were incubated with different treatments. Cell pellets were collected and washed with fresh PBS, then re-suspended in 200 μL of 50 mM NaOH. Suspended cell pellets were dehydrated at 60 °C for 4 h. Subsequently, 400 μL of 69% HNO3 (nitric acid) for trace metal analysis was added to the samples. Agilent ICP MS 7700 series ICP MS instrument was used to measure iron levels under operating conditions suitable for routine multi-element analysis.



Glutathione assay: The cell GSH activity was evaluated by using a glutathione assay kit purchased from Sigma-Aldrich (Dorset, UK) according to the manufacturer’s instructions. The absorbance of the supernatants was read at 412 nm at a 1-min interval 5 times. The level of GSH was identified as nmol/mL.



SOD assay: SOD activity was detected by the superoxide dismutase assay kit (Sigma-Aldrich, Dorset, UK), according to the manufacturer’s instructions. This assay utilizes xanthine oxidase and hypoxanthine to generate superoxide radicals detected by tetrazolium salt. One unit of SOD is described as the amount of enzyme required to inhibit the dismutation of the superoxide radical by 50%. The results were shown as units per milliliter (U/mL) of SOD activity.



Insulin secretion assay: MIN6 β cells were seeded at a density of 4 × 106 cells/well in a 12-well plate for 24 h at 37 °C in the incubator at 5% CO2. Cells were washed three times with glucose-free Krebs buffer, and then kept in 0.5% BSA Krebs buffer (2 mmol/L glucose) at 37 °C for 1 h in an atmosphere of 5% CO2. MIN6 insulinoma cells were again washed three times with glucose-free Krebs buffer. Afterwards, cells were maintained in 0.05% BSA Krebs buffer (20 mmol/L KCl or 2 mmol/L glucose) and treated with FA, FAS and FAC + 8HQ at certain doses in the presence of 20 mmol/L glucose for 3 h. For insulin measurements, supernatants with mouse or rat insulin were collected and the anti-rat/mouse insulin ELISA kit (Millipore; EZRMI-13K) was used as a standard in accordance with the manufacturer’s instructions. The absorbance was read at 450 nm using a microplate reader (Bio-Tek ELx800).



Real-time PCR analysis: Total RNA was extracted from tissues in all groups of mice using the Trizol reagent (Thermo Fisher Scientific, Swindon, UK), following the manufacturer’s protocols. RNA concentrations were measured spectrophotometrically using nanodrop, Hellma Tray-Cell Type 105.810 (Hellma Analytics, Southend on See, UK). Thermo Scientific Verso cDNA synthesis kit (Thermo Fisher Scientific, Swindon, UK) converted 1 μg of RNA from each sample into cDNA. Thermal cycling was run; initial denaturation; 95 °C for 5 min, followed by a set of 35 cycles of 95 °C for 30 s, Tm °C for 30 s and 72 °C for 45 s. Afterwards, the DNA extension time was allotted 5 min at 72 °C. The specificity of primers was verified by gel analysis and sequencing confirmation prior to their application for gene expression analysis; primers were used in Table 1. No product was observed in the minus-reverse transcriptase control sample; therefore, the samples were free from genomic DNA contamination.



Statistical Analysis: Statistical analysis was performed by GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA) using one-way analysis of variance (ANOVA) and Tukey’s multiple comparisons post hoc test to compare the means of the experimental groups. The experiments were repeated in triplicate and each treatment had at least 8 replicates. All the values are presented as mean ± SEM. The test was considered significant when a p value was less than 0.05.




5. Conclusions


FA enhanced cell viability, decreased the accumulation of ROS and MDA accumulation and elevated glutathione levels in iron-loaded MIN6 cells. Moreover, the phenolics conferred protection against iron-loaded liver tissue of BALB/c mice via activating Nrf2, HO-1, NQO1, GCLC and GPX4 signalling pathway. FA protects pancreatic cells and the liver from iron-induced damage via the Nrf2 antioxidant activation mechanism, highlighting its potential therapeutic value for the treatment of T2D.
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Figure 1. Protective effects of phenolic acids against iron-mediated toxicity in MIN6 cells. Cells were exposed to FAC and/or 8HQ for 2 h to assess the effect of iron overload (A). MIN6 cells were treated with different concentrations of FA (B) or FAS (C) overnight and then exposed to FAC + 8HQ for 2 h. Data are expressed as percentage cell viability relative to control cell samples; # p < 0.05 control vs. FAC + 8HQ group only, * p < 0.05 FAC + 8HQ group only vs. treatment groups. One-way ANOVA, Tukey post hoc test. 






Figure 1. Protective effects of phenolic acids against iron-mediated toxicity in MIN6 cells. Cells were exposed to FAC and/or 8HQ for 2 h to assess the effect of iron overload (A). MIN6 cells were treated with different concentrations of FA (B) or FAS (C) overnight and then exposed to FAC + 8HQ for 2 h. Data are expressed as percentage cell viability relative to control cell samples; # p < 0.05 control vs. FAC + 8HQ group only, * p < 0.05 FAC + 8HQ group only vs. treatment groups. One-way ANOVA, Tukey post hoc test.



[image: Molecules 28 04084 g001]







[image: Molecules 28 04084 g002 550] 





Figure 2. FA and FAS limit lipid peroxidation, ROS production and iron accumulation in iron overloaded MIN6 cells. MIN6 cells were treated with or without 20 μmol/L FA or FAS overnight and then exposed to FAC + 8HQ for 2 h. Cellular reactive oxygen species (ROS) was estimated with dihydrodichlorofluorescein (H2DCF) cell-permeant probe (A), lipid peroxidation levels were assessed by Malondialdehyde (MDA) assay (B) and iron concentrations were measured by inductively coupled plasma mass spectrometry (ICP-MS) (C); # p < 0.05 control vs. treatment groups, * p < 0.05 FAC + 8HQ group only vs. treatment groups. One-way ANOVA, Tukey post hoc test. 
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Figure 3. Effects of FA and FAS on the antioxidant activity in MIN6 cells. Pancreatic MIN6 β cells were treated with 20 μmol/L of FA or FAS overnight and then exposed to FAC + 8HQ for 2 h. Glutathione (GSH) levels (A) and superoxide dismutase (SOD) activity (B) levels were measured; # p < 0.05 control vs. treatment groups, * p < 0.05 8HQ + FAC group only vs. treatment groups. One-way ANOVA, Tukey post hoc test. 
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Figure 4. Phenolic acids and iron overload conditions affect insulin secretion in MIN6 β cells. Mouse MIN6 β cells were treated with 20 μmol/L ferulic acid (FA), ferulic acid 4-O-sulfate disodium salt (FAS) and with/without FAC + 8HQ for 3 h under 20 mmol/L glucose conditions. Supernatants from triplicate MIN6 cell samples were analyzed for insulin secretion; # p < 0.05 controls vs. treatment groups, * p < 0.05 8HQ + FAC group only vs. treatment groups and * p < 0.05 2 mmol/L glucose treatment vs. 20 mmol/L KCl treatment groups. One-way ANOVA, Tukey post hoc test. 
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Figure 5. Expression of Nrf2 antioxidant pathway-related genes in the pancreas. The mRNA levels of nuclear factor erythroid 2-related factor 2, Nrf2, NAD(P)H Quinone Dehydrogenase 1 (NQO1), glutamate-cysteine ligase catalytic subunit (GCLC), haem oxygenase-1 (HO-1), glutathione peroxidase 4 (GPX4), iron storage protein ferritin H (FtH) and ferroportin (FPN) were quantified by RT-PCR analyses in pancreatic tissues of BALB/c male mice exposed to 0.1% DMSO (Control), iron dextran (100 mg/kg) (ID), ferulic acid (20 mg/kg)(FA) or ferulic acid 4-O-sulfate disodium salt (20 mg/kg) (FAS) with ID (n = 5 mice per group). Gene expression was determined by qPCR 2−ΔΔCT in the pancreas and normalized with housekeeping gene, RPL19; # p < 0.05 DMSO vs. treatment groups, * p < 0.05 ID group only vs. treatments groups. One-way ANOVA, Tukey post hoc test. 
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Table 1. The RT-PCR specific primers.
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	Genes
	Forward Primer
	Reverse Primer





	NFR2 (NM_010902)
	catgatggacttggagttgc
	cctccaaaggatgtcaatcaa



	GPx4 (AB030643)
	tttcctgacacagggttcact
	cagcctggtctggtaagca



	HO-1 (NM_010442)
	agggtcaggtgtccagagaa
	cttccagggccgtgtagata



	NQO1 (BC004579)
	agcgttcggtattacgatcc
	agtacaatcagggctcttctcg



	GCLC (BC019374)
	agatgatagaacacgggaggag
	tgatcctaaagcgattgttcttc



	FPN (AF215637)
	gggtttcttagaagcaggtatgc
	ttctcagtgtacacacctattcaagtc



	FtH (NM_010239.2)
	gctgaatgcaatggagtgtg
	cagggtgtgcttgtcaaaga



	RPL19 (NM_009078)
	ccacaagctctttcctttcg
	ggatccaaccagaccttcttt
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