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Impairment of Hepcidin Upregulation by Lipopolysaccharide in the Interleukin-6 Knockout Mouse Brain
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To find out whether the Interleukin-6 (IL-6)/signal transducer and activator of transcription 3 (STAT3) signaling pathway is involved in the expression of hepcidin in the mouse brain in vivo, we investigated the phosphorylation of STAT3, as well as the expression of hepcidin mRNA, ferroportin 1 (Fpn1) and ferritin light chain (Ft-L) proteins in the cortex and hippocampus of LPS-treated wild type (IL-6+/+) and IL-6 knockout (IL-6-/-) mice. We demonstrated that IL-6 knockout could significantly reduce the response of hepcidin mRNA, phospho-STAT3, Fpn1 and Ft-L protein expression to LPS treatment, in both the cortex and hippocampus of mice. Also, Stattic, an inhibitor of STAT3, significantly reduced the expression of phospho-STAT3 and hepcidin mRNA in the cortex and hippocampus of the LPS-treated wild type mice. These findings provide in vivo evidence for the involvement of the IL-6/STAT3 signaling pathway in the expression of hepcidin.
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INTRODUCTION

Iron is the most abundant trace metal in the brain (Beard et al., 1993). The importance of iron for normal neurological function has been well-established. In the brain, neurons and glia require iron for many aspects of their physiology, including electron transport, myelination of axons, NADPH reductase activity, and as a co-factor for several enzymes involved in neurotransmitter synthesis (Benzi and Moretti, 1995; Gelman, 1995; Qian and Wang, 1998). However, iron is also a major generator of reactive oxygen species (Halliwell and Gutteridge, 1984). Abnormally high iron and iron-induced oxidative stress in the brain has been demonstrated to be an initial cause of neuronal death in neuroferritinopathy and aceruloplasminemia (Ke and Qian, 2003; Rouault, 2013; Arber et al., 2016), and also has been proposed to play a causative role in at least some of the other neurodegenerative diseases, including Alzheimer’s disease and Parkinson’s disease (Qian and Shen, 2001; Peters et al., 2015; Belaidi and Bush, 2016; Hare and Double, 2016).

Despite years of investigation, however, it is still not completely known why iron levels abnormally increase in certain regions of the brain in the patients with neurodegenerative disorders. Although it has been proposed that the disrupted expression or function of proteins involved in brain iron metabolism may be one of initial causes of abnormal iron accumulation in the brain (Qian and Wang, 1998; Qian and Shen, 2001), the reasons and mechanisms behind the induction of such a disruption are still not well-understood. Currently, we know very little about how the expression of iron transport proteins are controlled in the brain under physiological conditions. The understanding of this key question is essential for refining our understanding of brain iron metabolism, as well as of the reasons and mechanisms behind the disruption of brain iron metabolism in the development of neurodegenerative disorders.

In the periphery, it has been well-documented that hepcidin plays a central role in maintaining normal iron homeostasis by controlling the expression of iron transport proteins in the intestine, liver, spleen and bone marrow (Hentze et al., 2004; Nemeth and Ganz, 2006). This iron regulatory hormone is mainly synthesized by the liver, distributed in extracellular fluid, and excreted in urine (Krause et al., 2000; Park et al., 2001; Pigeon et al., 2001). Accumulated data have also shown that the peptide is homeostatically regulated by multiple signals, including iron stores, hypoxia, inflammation, and erythropoietic activity in the periphery (Nicolas et al., 2001; Wrighting and Andrews, 2006; Hentze et al., 2010; Ganz and Nemeth, 2011).

It has been confirmed that hepcidin is also widely expressed in the brain (Zechel et al., 2006; Wang et al., 2008; Hänninen et al., 2009). The peptide can regulate the expression of brain iron transport proteins, including its membrane receptor ferroportin 1 (Fpn1), implying a central role for the hormone in brain iron homeostasis (Raha-Chowdhury et al., 2015; Lu et al., 2016). However, information regarding the signals and mechanisms involved in the control of hepcidin expression in the brain, as opposed to within the periphery, is very limited. An in vivo study (Wang et al., 2010) demonstrated that lipopolysaccharide (LPS) could induce a significant increase in the expression of hepcidin in the cortex and substantia nigra of the rat brain, indicating that the expression of this iron regulatory hormone can also be regulated by inflammation as was found in the periphery.

Our recent in vitro study (Qian et al., 2014) demonstrated that LPS up-regulates the expression of hepcidin in neurons via microglia and the Interleukin-6 (IL-6)/signal transducer and activator of transcription 3 (STAT3) signaling pathway. In the present in vivo study, we compared changes in the phosphorylation of STAT3, the expression of hepcidin mRNA, ferroportin 1 (Fpn1) protein, and ferritin light chain (Ft-L) protein in the cortex and hippocampus of LPS-treated wild type (IL-6+/+) and IL-6 knockout (IL-6-/-) mice. We demonstrated that IL-6 KO could notably abolish the phosphorylation of STAT3 as well as expression of hepcidin mRNA, Fpn1 and Ft-L proteins in response to LPS treatment, in both the cortex and hippocampus of mice. Also, Stattic, an inhibitor of STAT3, was found to significantly reduce the expression of phospho-STAT3 and hepcidin mRNA in the cortex and hippocampus of LPS-treated wild type mice. Our findings provide further in vivo evidence for the involvement of the IL-6/STAT3 signaling pathway in the expression of hepcidin in the brain, under the conditions of inflammation.

MATERIALS AND METHODS

Materials

Unless otherwise stated, all chemicals were obtained from the Sigma Chemical Company, St. Louis, MO, United States. Mouse anti-rat TfR1 (transferrin receptor 1) and fetal bovine serum (FBS) were purchased from Invitrogen, Carlsbad, CA, United States; rabbit polyclonal anti-mouse Fpn1 from Novus Biologicals, Littleton, CO, United States; rabbit polyclonal anti-Ft-L and anti-DMT1 (divalent metal transporter 1, SLC11A2) from Protein-tech, Chicago, IL, United States; and rabbit polyclonal anti-phospho-STAT3 (Tyr705) and mouse monoclonal anti-STAT3 both from Cell Signaling Technology, Inc., Danvers, MA, United States. Recombined mouse IL-6 protein was obtained from Gene Script, Piscataway, NJ, United States; IL-6 enzyme-linked immunosorbent assay (ELISA) kits from R&D Systems, Minneapolis, MN, United States; goat anti-rabbit or anti-mouse IRDye 800 CW secondary antibodies from LI-COR Bio Sciences, Lincoln, NE, United States; TRIzol reagent from Life Technologies, Carlsbad, CA, United States; AevertAid First Strand cDNA Synthesis Kit from Thermo Scientific, Waltham, MA, United States; FastStart Universal SYBR Green Master and LightCycler96 from Roche, Nutley, NJ, United States; and BCA protein Assay kit and protein RIPA lysis buffer from Beyotime Institute of Biotechnology, Haimen, JS, China.

Mice

C57BL/6 male (IL-6+/+) mice (8-week-olds) were obtained from the Sippr-BK Experimental Animal Center, Shanghai, China. IL-6 knockout (KO) mice (IL-6-/-) mice were originally purchased from Jackson Laboratories, United States. The IL-6-/- and wild type mice were verified using RT-PCR (Supplementary Figure 1). Mice were housed in stainless steel cages at 21 ± 2°C with a relative humidity of 55–60% and alternating 12-h periods of light (07:00–19:00) and dark (19:00–07:00), with water and food supplied ad libitum. All animal care, surgical and experimental protocols were performed according to the Animal Management Rules of the Ministry of Health of China, and approved by the Animal Ethics Committees of Fudan University and The Chinese University of Hong Kong.

Intracerebroventricular Injection of LPS

Intracerebroventricular (ICV) injection of LPS (E. coli serotype 055:B5) was performed as previously described (Liu et al., 2015; Gong et al., 2016). The mice were anesthetized with 4% chloral hydrate (1 ml/100 g body weight) via i.p. injection and were secured in a stereotaxic instrument. LPS (5 μg) in 2 μl phosphate buffered saline (PBS) or 2 μl endotoxin-free PBS (the control), were injected bilaterally into the lateral ventricle according to a standard stereotaxic atlas (-3.0 mm dorsal/ventral, -1.0 mm lateral, and -0.5 mm anterior/posterior from the bregma) using a 10 μl syringe with a 33 gauge needle at a rate of 0.5 μl/min. The syringe was left in place for an additional 5 min before removal. Tissue samples were harvested for analysis at 6- or 24-h after LPS injection.

Enzyme-Linked Immunosorbent Assay

The concentrations of hepcidin and IL-6 were determined using ELISA kits according to suppliers’ instructions. Briefly, brain tissues were homogenized in PBS (1:5 w/v), followed by sonication using a Soniprep 150. The samples were centrifuged at 3,000 × g for 15 min at 4°C, and the supernatant was collected. A 2-μl aliquot was collected for detection of protein concentration. 100 μl of assay buffer and 50 μl of each standard, control, or sample were added into the appropriate wells, and 100 μl biotin conjugate was also dispensed into each well. Following incubation for 2-h at room temperature, the wells were washed with diluted wash solution, and 100 μl of enzyme complex was added to each well. After incubation for 1-h at room temperature, 100 μl substrate solution was added to each well. Finally, after being allowed to react for 30 min at room temperature, the enzymatic reaction was stopped by adding 100 μl of stop solution, and the optical density (OD) was read at 450 nm using an ELX-800 microplate assay reader (Bio-tek, United States). The average absorbance values for each set of standards, controls, and samples were calculated, and a standard curve was constructed. The concentrations of the samples were then calculated from the standard curve (Du et al., 2011; Qian et al., 2014).

Isolation of Total RNA and Quantitative Real-time PCR

The extraction of total RNA and preparation of cDNA were performed using TRIzol reagent and the AevertAid First Strand cDNA Synthesis Kit respectively, in accordance with the instructions of the manufacturers. Real-time PCR was carried out by RT-PCR instrument (LC96, Roche, Switzerland) using Fast Start Universal SYBR Green Master and the Light Cycler96. The specific pairs of primers used were: mouse β-actin, forward: 5′-AAATCGTGCGTGACATCAAAGA-3′, reverse: 5′-GCCATCTCCTGCTCGAAGTC-3′; mouse hepcidin, forward: 5′-AGAGCTGCAGCCTTTGCAC-3′, reverse: 5′-GAAGATGCAGATGGGGAAGT-3′; and IL-6, forward: 5′-CTGCAAGAGACTTCCATCCAG-3′, reverse: 5′-AGTGGTATAGACAGGTCTGTTGG-3′ (Chang et al., 2006; Huang et al., 2014). The CT values of each target gene was normalized to that of the β-actin mRNA. Relative gene expression was calculated by the 2-ΔΔCT method.

Western Blot Analysis

The tissues were washed, homogenized by protein RIPA lysis buffer and then sonicated as described previously (Qian et al., 2011; Du et al., 2015). After centrifugation at 13200 rpm for 15 min at 4°C, the supernatant was collected and protein content was determined using the BCA protein Assay kit. Aliquots of the extract containing about 30 μg of protein were loaded and run on a single track of 10% SDS-PAGE under reducing conditions, and subsequently transferred to a pure nitrocellulose membrane (Bio-Rad). The blots were blocked in 5% non-fat milk and incubated with primary antibodies: mouse monoclonal anti-TfR1 (1:500), rabbit polyclonal anti-Fpn1 (1:1000), rabbit polyclonal anti-Ft-L (1:1000), rabbit polyclonal anti-DMT1 (1:1000) rabbit polyclonal anti-phospho-STAT3 (1:1000) and mouse monoclonal anti-STAT3 (1:1000). After being washed three times, the blots were incubated with goat anti-rabbit (1:1000) or anti-mouse IRDye800 CW secondary antibody (1:5000) for 2-h at room temperature. The intensities of the specific bands were detected and analyzed by an Odyssey infrared imaging system (Li-Cor, Lincoln, NE, United States). To ensure even loading of the samples, the same membrane was probed with mouse anti-β-actin polyclonal antibody at a 1:10,000 dilution (Ke et al., 2006; Du et al., 2010).

Statistical Analysis

Statistical analyses were performed using Graphpad Prism. Data were presented as mean ± SEM. The differences between means were all determined by one-way or two-way analyses of variance (ANOVA) as appropriate, followed by Newman–Keuls post hoc tests. A probability value of P < 0.05 was taken to be statistically significant.

RESULTS

LPS Induced a Significant Increase in the Expression of Hepcidin mRNA and IL-6 mRNA and Protein in the Cortex and Hippocampus of Wild Type Mice

Based on reported time-points in the response of hepcidin mRNA expression (Qian et al., 2014) and inflammatory cytokines (Lawson et al., 2013; Yanguas-Casás et al., 2014) to LPS treatment, we first measured hepcidin mRNA and IL-6 mRNA and protein content in the cortex and hippocampus of wild type mice at 6- and 24-h after LPS injection. It was found that at 6-h after LPS treatment, the expression of hepcidin mRNA (Figure 1A) and the expression of IL-6 mRNA (Figure 1B) and protein (Figure 1C) in the cortex and hippocampus were significantly higher in the LPS-treated mice than in the controls (PBS-treated mice). Hepcidin mRNA expression significantly increased in the cortex, but not the hippocampus (Figure 1D), and IL-6 mRNA (Figure 1E) and protein (Figure 1F) also increased in both the cortex and hippocampus in mice treated with LPS for 24-h, as compared with that of the control mice.
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FIGURE 1. Lipopolysaccharide (LPS) induced a significant increase in the expression of hepcidin mRNA and IL-6 mRNA and protein in the cortex and hippocampus of wild type mice. Wild type mice were treated with LPS (5 μg) in 2 μl phosphate buffered saline (PBS) or 2 μl endotoxin-free PBS via ICV injection. At 6-h (A–C) and 24-h (D,E) after treatment, the expression of hepcidin (A,D) and IL-6 (B,E) mRNA in the cortex and hippocampus tissues were then measured by Quantitative Real-time PCR, and IL-6 protein (C,F) by ELISA as described in Section “Materials and Methods.” Data are means ± SEM (% Control) (n: 6-h: PBS = 4, LPS = 8; 24-h: PBS = 4, LPS = 6). ∗P < 0.05; ∗∗P < 0.01 vs. the mice injected with PBS.



Expression of Hepcidin mRNA in the Cortex and Hippocampus Was Significantly Lower in LPS-Treated IL-6 Knockout Mice than in LPS-Treated Wild Type Mice

To confirm the role of IL-6 in hepcidin expression’s response to LPS treatment, we then investigated the effects of LPS treatment on the expression of hepcidin mRNA in IL-6 knockout (IL-6-/-) mice and wild type (IL-6+/+) mice. RT-PCR analysis showed that there were no significant differences in the expression of hepcidin mRNA in the cortex (Figure 2A) and hippocampus (Figure 2B) between the IL-6+/+ and the IL-6-/- mice, both treated with PBS. However, LPS treatment induced a significant increase in the expression of hepcidin mRNA in these two brain regions in the IL-6+/+ mice, being about sixfold (cortex) and fourfold (hippocampus) of the controls. LPS treatment also led to a significant increase in the expression of hepcidin mRNA in the cortex (Figure 2A) and hippocampus (Figure 2B) of the IL-6-/- mice, being about twofold (cortex) and 2.5-fold (hippocampus) of the controls. The expression of hepcidin mRNA in the cortex (Figure 2A) and hippocampus (Figure 2B) in the LPS-treated IL-6-/- mice was significantly lower than in the LPS-treated IL-6+/+ mice. These findings indicated that IL-6-/- largely reduced the expression of hepcidin in response to LPS treatment. In addition, RT-PCR and Western analysis demonstrated that the expression of IL-6 mRNA and protein in the cortex (Figures 2C,E) and hippocampus (Figures 2D,F) was significantly lower in IL-6-/- mice than in the controls (IL-6+/+). There were no significant differences in these measurements between the LPS- or PBS-treated IL-6-/- mice.
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FIGURE 2. Expression of Hepcidin mRNA in the cortex and hippocampus was significantly lower in LPS-treated IL-6 knockout mice than in LPS-treated wild type mice. Wild type (IL-6+/+) and IL-6 knockout (IL-6–/–) mice were treated with LPS (5 μg) in 2 μl PBS or 2 μl endotoxin-free PBS (ICV injection) for 6-h. The expression of hepcidin (A,B) and IL-6 (C,D) mRNA was then measured by Quantitative Real-time PCR, and IL-6 protein (E,F) by ELISA in cortex (A,C,E) and hippocampus (B,D,F) tissue as described in Section “Materials and Methods.” Data are means ± SEM (% Control) (n: IL-6+/+ mice: PBS = 4, LPS = 6; IL-6–/– mice: PBS = 3, LPS = 4). ∗P < 0.05 ∗∗; P < 0.01; ∗∗∗P < 0.001 vs. the mice (IL-6+/+ or IL-6–/–) injected with PBS or LPS.



pSTAT3/STAT3 in the Cortex and Hippocampus Was Significantly Lower in LPS-Treated IL-6 Knockout Mice than in LPS-Treated Wild Type Mice

To further clarify the involvement of STAT3 in LPS-induced up-regulation of hepcidin (Qian et al., 2014), we then examined the effects of IL-6-/- on the phosphorylation of STAT3 in mice. It was found that there were no significant differences in pSTAT3/STAT3 levels in the cortex (Figure 3A) and hippocampus (Figure 3B) between IL-6+/+ and IL-6-/- mice, both treated with PBS. However, LPS treatment was found to induce a significant increase in the levels of pSTAT3/STAT3 in these two brain regions in wild type mice, to about sixfold (cortex) and fourfold (hippocampus) of the controls. LPS treatment also led to a significant increase in the level of pSTAT3/STAT3 in the cortex (Figure 3A) and hippocampus (Figure 3B) of the IL-6-/- mice, both being about twofold of the controls. Again, pSTAT3/STAT3 levels in the cortex (Figure 3A) and hippocampus (Figure 3B) in the LPS-treated IL-6-/- mice was found to be significantly lower than those of the LPS-treated IL-6+/+ mice. The data imply that IL-6 KO can significantly abolish not only the response of hepcidin mRNA expression to LPS treatment, but also the response of phosphorylation of STAT3.
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FIGURE 3. pSTAT3/STAT3 in the cortex and hippocampus was significantly lower in LPS-treated IL-6 knockout mice than in LPS-treated wild type mice. Wild type (IL-6+/+) and IL-6 knockout (IL-6–/–) mice were treated with LPS (5 μg) in 2 μl PBS or 2 μl endotoxin-free PBS via ICV injection. At 6-h after treatment, pSTAT3 and STAT3 contents in cortex (A) and hippocampus (B) tissue were then measured by western blot analysis as described in Section “Materials and Methods.” Data are means ± SEM (% Control) (n: IL-6+/+ mice: PBS = 3, LPS = 6; IL-6–/– mice: PBS = 3, LPS = 3). ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001 vs. the mice (IL-6+/+ or IL-6–/–) injected with PBS or LPS.



IL-6 Deficiency Abolished the LPS-Induced Reduction in the Expression of Ferroportin 1 and the Increase in Ferritin Light Chain Protein Levels in Mice

We also examined changes in the expression of Fpn1 and in Ft-L (ferritin light chain) content in the cortex and hippocampus of wild type and IL-6 KO mice, treated with or without LPS. The expression of Fpn1 and Ft-L was investigated, because Fpn1 is membrane receptor of hepcidin (Nemeth et al., 2004; Qiao et al., 2012) while Ft-L is a marker of cell-iron content, which can be affected by changes in Fpn1 expression (Du et al., 2012). We found that LPS treatment induced a significant reduction in the expression of Fpn1 (Figures 4A,B) and an increase in Ft-L content (Figures 4C,D), in both the cortex and hippocampus of IL-6+/+ mice, while such a change was not found in the IL-6-/- mice (Figures 4A–D). This implies that IL-6 deficiency can significantly abolish the LPS-induced reduction of Fpn 1 expression and increase in Ft-L protein levels in mice. While the expression of Fpn1 was lower in the cortex and hippocampus of LPS-treated IL-6-/- mice than in the PBS-treated IL-6-/- mice, the difference was not significant. Also, Ft-L contents in these two brain regions in the LPS-treated IL-6-/- mice did not differ from those in the PBS-treated IL-6-/- mice. In addition, western blot analysis showed that Fpn1 expression in both the cortex (Figure 4A) and hippocampus (Figure 4B) of wild type mice were significantly higher than in those of the IL-6-/- mice (about 1.5–2 fold). The expression of DMT1 (divalent metal transporter 1) in both the cortex (Figure 5B) and hippocampus (Figure 5B) was also found to be significantly lower in the IL-6-/- mice than in the IL-6+/+ mice. There were no differences in TfR1 (transferrin receptor 1) protein content in the brains of IL-6-/- and IL-6+/+ mice (Figure 5A).
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FIGURE 4. IL-6 deficiency abolished the LPS-induced reduction in the expression of ferroportin 1 and the increase in ferritin light chain protein levels in mice. Wild type (IL-6+/+) and IL-6 knockout (IL-6–/–) mice were treated with LPS (5 μg) in 2 μl PBS or 2 μl endotoxin-free PBS via ICV injection. At 6-h after treatment, Fpn1 and Ft-L proteins in cortex (A,C) and hippocampus (B,D) tissue were then measured by western blot analysis as described in Section “Materials and Methods.” Data are means ± SEM (% Control) (n: IL-6+/+ mice: PBS = 3, LPS = 6; IL-6–/– mice: PBS = 3, LPS = 3). ∗P < 0.05; ∗∗P < 0.01 vs. the mice (IL-6+/+ or IL-6–/–) injected with PBS or LPS.
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FIGURE 5. The expression of DMT1 in the brain was significantly lower in the IL-6–/– mice than in the IL-6+/+ mice. Wild type (IL-6+/+) and IL-6 knockout (IL-6–/–) mice were treated with LPS (5 μg) in 2 μl PBS or 2 μl endotoxin-free PBS via ICV injection. At 6-h after treatment, TfR1 (A) and DMT1 (B) proteins in cortex and hippocampus tissue were then measured by western blot analysis as described in Section “Materials and Methods.” Data are means ± SEM (% Control) (n: IL-6+/+ mice: PBS = 3, LPS = 6; IL-6–/– mice: PBS = 3, LPS = 3). ∗P < 0.05; ∗∗P < 0.01 vs. the mice (IL-6+/+ or IL-6–/–) injected with PBS.



Stattic Significantly Reduced the Phosphorylation of STAT3 and the Expression of Hepcidin mRNA in Mice Treated with LPS

Finally, we investigated the effects of Stattic (an inhibitor of STAT3) on the phosphorylation of STAT3 and the expression of hepcidin mRNA in the cortex and hippocampus of mice treated with LPS, in order to confirm the involvement of STAT3 activation in the expression of hepcidin. C57BL6 male mice (8-week-olds) were pre-treated with 20 mg/kg Stattic (Sigma-Aldrich) in 2% DMSO with 30% PEG300 (i.p. injection) or vehicle (control) for 30 min and then with 5 μg LPS in 2 μl sterile saline (i.c.v. injection) for 6-h. It was found that the levels of pSTAT3 (Figures 6A,B) and hepcidin mRNA (Figures 6C,D) were significantly lower in the cortex (Figures 6A,C) and hippocampus (Figures 6B,D) of mice pre-treated with Stattic than of those in the control mice, indicating that inhibiting STAT3 with Stattic can significantly reduce the phosphorylation of STAT3 and the expression of hepcidin mRNA in mice treated with LPS.
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FIGURE 6. Stattic significantly reduced the phosphorylation of STAT3 and the expression of hepcidin mRNA in mice treated with LPS. C57BL6 male mice were pre-treated with 20 mg/kg Stattic (an inhibitor of STAT3) in 2% DMSO with 30% PEG300 (IP injection) or vehicle (control) for 30 min and then with 5 μg LPS in 2 μl PBS or PBS (ICV injection) for 6-h. Phosphorylation of STAT3 (A,B) and expression of hepcidin mRNA (C,D) in the cortex (A,C) and hippocampus (B,D) were measured by western blot analysis or RT-PCR analysis as described in Section “Materials and Methods.” Data are means ± SEM (% Control) (n = 4) ∗P < 0.05 vs. the control mice.



DISCUSSION

A recent study we published using a co-culture model of neurons with microglia in vitro, showed that neurons are the major cells of the increased hepcidin expression that occurs in response to LPS challenge, although microglia play a key mediating role as well, by releasing IL-6 and recruiting the STAT3 pathway, indicating that LPS up-regulates hepcidin expression in neurons via microglia and the IL-6/STAT3 signaling pathway (Qian et al., 2014). In the present study, we demonstrate that the levels of phosphorylated STAT3 and hepcidin mRNA content in the cortex and hippocampus of IL-6-/- mice are not different to those of IL-6+/+ mice. However, under the conditions of LPS treatment, these two indices were found to be significantly lower in the IL-6-/- mice than of those in the IL-6+/+ mice. The results show that IL-6 KO significantly reduces the response of STAT3 phosphorylation and hepcidin expression to LPS challenge in these two brain regionsin mice. Also, we found that pre-treatment with Stattic (an inhibitor of STAT3) significantly reduced phosphorylation of STAT3 and expression of hepcidin mRNA in the cortex and hippocampus of mice treated with LPS. These findings provided solid in vivo evidence for the involvement of the IL-6/STAT3 signaling pathway in the expression of hepcidin in the brain.

pSTAT3/STAT3 and hepcidin mRNA levels in the cortex and hippocampus of the IL-6-/- mice were significantly lower compared to those of the IL-6+/+ mice under the conditions of LPS treatment, although these two measurements were still found to be higher in LPS-treated IL-6-/- mice than those in PBS-treated IL-6-/- mice. This indicated that phosphorylation of STAT3 and expression of hepcidin in the brain still have the ability to respond to LPS treatment, although this ability was markedly abolished by IL-6 KO under our experimental conditions. Increased phosphorylation of STAT3 and expression of hepcidin increase the binding of hepcidin with its membrane receptor Fpn1, leading to the internalization and degradation of the Hepcidin/Fpn1 complex (Nemeth et al., 2004; Nemeth and Ganz, 2006; Wrighting and Andrews, 2006; Hentze et al., 2010; Ganz and Nemeth, 2011). Therefore, although the difference was not significant, the increased expression of hepcidin was likely to be one of the causes for the reduction in Fpn1 expression found in both the cortex and hippocampus of the LPS-treated IL-6-/- mice, as compared with the PBS-treated IL-6-/- mice.

The expression of Fpn1 in the cortex and hippocampus of the IL-6-/- mice treated with PBS was also found to be significantly lower than that of the IL-6+/+ mice treated with PBS (the control). The reduction in the expression of Fpn1 is unlikely to be associated with the phosphorylation of STAT3 and the expression of hepcidin, because the expression of pSTAT3 and hepcidin in both the cortex and hippocampus of the IL-6-/- mice treated with PBS did not differ from those of the IL-6+/+ mice treated without LPS (the control). It may be the case that the IL-6 KO itself has a role in inhibiting the expression of Fpn1, although the relevant mechanisms are currently unknown.

In addition to the iron release protein Fpn1, iron content in cells or tissues also depend on the expression of iron uptake proteins such as TfR1 and DMT1 (Qian and Ke, 2001; Jiang et al., 2002). TfR1-mediated transferrin-bound iron (Tf-fe) uptake is the main route for mammalian cellular iron accumulation, while. DMT1 is involved in the translocation of iron from the endosome to the cytosol, being essential for Tf-bound iron uptake under physiological conditions (Qian et al., 1997; Ke and Qian, 2007). Therefore, the significant reduction in DMT1 expression, induced by IL-6 KO, might partly be associated with the un-changed Ft-L content found in the two brain regions investigated in the IL-6-/- mice under conditions of LPS treatment.

In the present study, we also found that in IL-6-/- mice, IL-6 mRNA and protein levels were almost totally abolished, although LPS treatment could still induce an increase in the phosphorylation of STAT3 and in the expression of hepcidin mRNA, as well as a reduction in Fpn1 content in the cortex and hippocampus. This implies that other molecules or inflammatory cytokines, in addition to IL-6, may also have a role in regulating hepcidin expression. These molecules may include IL-22 and IL-1, and the involvement of these molecules in the up-regulation of STAT3 phosphorylation and/or hepcidin expression has been reported (Lee et al., 2005; Armitage et al., 2011; Ryan et al., 2012). Also, it has recently been reported that interleukin 1β (IL-1β) up-regulates the expression of hepcidin by activating the bone morphogenetic protein (BMP) signaling pathway (Shanmugam et al., 2015) or inducing CCAAT enhancer-binding protein δ (C/EBPδ) expression (Kanamori et al., 2017). Based on the significant effect of IL-6-/- on the phosphorylation of STAT3 and/or the expression of hepcidin found in the present study, it may be reasonable however, to infer that IL-6 plays a predominant role in controlling hepcidin expression in the brain under the conditions of inflammation and infection.

In the rat brain, LPS treatment was also found to induce a significant increase in the expression of hepcidin mRNA and protein in the cortex and substantia nigra, though not in the hippocampus and striatum (Wang et al., 2008). There were no significant differences in the expression of hepcidin mRNA and protein between the control values and all measurements taken at different time points after LPS administration in the hippocampus and striatum (Wang et al., 2008). This finding indicates that the response of hepcidin expression to LPS may differ by region in the rat brain. In the present study, LPS treatment for 6-h was demonstrated to induce a significant increase in IL-6 mRNA expression, STAT3 phosphorylation and hepcidin mRNA expression, not only in the cortex but also in the hippocampus in the mouse brain. This implies that the response of hepcidin expression to LPS may also differ by species in the brain. The regional specificity observed may be partly associated with the abundance of microglia in different brain regions (Lawson et al., 1990; Kim et al., 2000), while the reasons responsible for the interspecies difference are currently unknown; further investigations are needed.
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