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N-Acetyl Cysteine Restores Sirtuin-6 and Decreases HMGB1 Release Following Lipopolysaccharide-Sensitized Hypoxic-Ischemic Brain Injury in Neonatal Mice
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Inflammation and neonatal hypoxia-ischemia (HI) are important etiological factors of perinatal brain injury. However, underlying mechanisms remain unclear. Sirtuins are a family of nicotinamide adenine dinucleotide (NAD)+-dependent histone deacetylases. Sirtuin-6 is thought to regulate inflammatory and oxidative pathways, such as the extracellular release of the alarmin high mobility group box-1 (HMGB1). The expression and role of sirtuin-6 in neonatal brain injury are unknown. In a well-established model of neonatal brain injury, which encompasses inflammation (lipopolysaccharide, LPS) and hypoxia-ischemia (LPS+HI), we investigated the protein expression of sirtuin-6 and HMGB1, as well as thiol oxidation. Furthermore, we assessed the effect of the antioxidant N-acetyl cysteine (NAC) on sirtuin-6 expression, nuclear to cytoplasmic translocation, and release of HMGB1 in the brain and blood thiol oxidation after LPS+HI. We demonstrate reduced expression of sirtuin-6 and increased release of HMGB1 in injured hippocampus after LPS+HI. NAC treatment restored sirtuin-6 protein levels, which was associated with reduced extracellular HMGB1 release and reduced thiol oxidation in the blood. The study suggests that early reduction in sirtuin-6 is associated with HMGB1 release, which may contribute to neonatal brain injury, and that antioxidant treatment is beneficial for the alleviation of these injurious mechanisms.
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INTRODUCTION

The complex etiology underlying perinatal brain injury includes, among other factors, inflammation and neonatal hypoxia-ischemia (HI) (Hagberg et al., 2015). Furthermore, inflammation, acting in combination with neonatal HI, increases the risk of perinatal brain injury, as shown in both rodents (Eklind et al., 2001, 2005; Wang et al., 2009) and larger animals (Martinello et al., 2019). Ischemic injury and neurodegeneration in adults have also been associated with oxidative stress and inflammation (Shao et al., 2020; Yang W. et al., 2020). Acetylation of histones is recognized as an important posttranslational modulation of inflammatory genes. Sirtuins are nicotinamide adenine dinucleotide (NAD)+-dependent histone deacetylases (HDACs), with several histone and non-histone targets (Houtkooper et al., 2012). Sirtuins are located in different subcellular compartments (Houtkooper et al., 2012). For instance, sirtuin-1 (SIRT1) (Li, 2014) and sirtuin-6 (SIRT6) (Zhang et al., 2017) regulate anti-inflammatory and antioxidant pathways mainly in the nucleus and cytosol, whereas sirtuin-3 (SIRT3) plays an important antioxidant role in mitochondria (Bause and Haigis, 2013). The expression and activity of SIRT1 are downregulated following HI in neonatal rats and restored by melatonin treatment (Carloni et al., 2014, 2016, 2017). In another study, melatonin-mediated protection against LPS-induced neuronal damage in the dentate gyrus of rats was shown to involve upregulation of SIRT1 and the antioxidant nuclear factor erythroid 2-related factor 2 (NRF2) pathway, which caused a reduction in inflammation and oxidative stress (Shah et al., 2017).

High mobility group box-1 (HMGB1) is an ubiquitous non-histone DNA-binding protein located in the nucleus that functions as a structural cofactor to regulate transcription (Ulloa and Messmer, 2006). Under physiological conditions, HMGB1 can act as a neurite growth factor in the immature brain (Merenmies et al., 1991; Zhang et al., 2011). However, under pathological conditions, HMGB1 is released from the nucleus into the extracellular space of activated immune cells and acts as a pro-inflammatory mediator (Wang et al., 1999b). HMBG1 translocation has also been observed in injured cells and demonstrated in animal models of adult stroke (Kim et al., 2006; Muhammad et al., 2008; Zhang et al., 2011) and neonatal HI brain injury (Zhang et al., 2016; Chen et al., 2019). HMGB1 is considered a sensitive early marker of neonatal HI brain injury, as nuclear to cytoplasmic translocation and extracellular release of HMGB1 can be detected immediately and up to 6 h after neonatal HI (Chen et al., 2019).

SIRT6 has been implicated in the prevention of the extracellular release of HMGB1. For instance, siRNA-mediated knockdown of SIRT6 was shown to increase the extracellular release of HMGB1 from SH-SY5Y neuronal cells following exposure to oxygen-glucose deprivation (Lee et al., 2013). Similar effects of SIRT6 knockdown were shown on other cell types (Kong et al., 2020). The reduced expression of SIRT6 in ischemic regions of adult rodent brain coincided with the cytosolic translocation of HMGB1 (Lee et al., 2013).

The effect of neonatal brain injury on SIRT6, in association with HMGB1 translocation, is not known. Therefore, the aim of this study was to investigate SIRT6 expression and the extracellular release of HMGB1 in a neonatal model of LPS-sensitized HI brain injury. Furthermore, the effect of neuroprotection on the expression of SIRT6 and HMGB1 was assessed using N-acetyl cysteine (NAC), as it is a well-known antioxidant and has previously been demonstrated to improve cellular redox status (Adams et al., 2021) and reduce brain injury in a neonatal animal model that combined LPS and hypoxia-ischemia (Wang et al., 2007).



EXPERIMENTAL PROCEDURES


Animals

C57BL/6J mice (6− to 8-week-old), bought from Janvier Laboratories (Le Genest-Saint-Isle, France) and Charles River Laboratories (Sulzfeld, Germany), were bred at the Laboratory for Experimental Biomedicine (Sahlgrenska Academy, University of Gothenburg, Sweden). The animals were kept in a 12 h light-dark cycle with ad libitum access to standard laboratory chow (B&K, Solna, Sweden) and water. All the animal experiments were approved by the Gothenburg Animal Ethics Committee. In all the experiments, animals from at least three litters were used, and pups within each litter were equally distributed among the treatment groups, including distribution of sex of pups whenever possible.



Hypoxia-Ischemia, Lipopolysaccharide, and N-Acetyl Cysteine Treatment

The day of birth was considered post-natal day (PND) 0. On PND 8, mice were randomly selected for injection with either lipopolysaccharide (LPS) (O55:B5; i.p.; 0.3 mg/kg in endotoxin-free saline) or an equivalent volume of endotoxin-free saline (SAL). In a separate cohort, PND 8 pups were administered LPS or SAL as above and 14 h after injection (i.e., on PND 9) the pups were also exposed to hypoxia-ischemia (HI) using the modified Rice-Vanucci model as described before (Wang et al., 2009). Briefly, the left common carotid artery was ligated, and the mice were exposed to 10% O2 for 30 min in a humidified incubator maintained between 35.5 and 36.5°C.

N-acetyl cysteine or vehicle (VEH, i.e., endotoxin-free saline) was administered at the time of LPS injection and immediately before HI in animals subjected to the combination of LPS and HI. The dose of NAC (200 mg/kg in endotoxin-free saline; i.p.; Sigma-Aldrich, St. Louis, MO, United States) was selected based on our previous study on neonatal rats (Wang et al., 2007).



Tissue Collection for Biochemical Analysis

Mice were deeply anesthetized via intraperitoneal administration of pentobarbital (Pentacour) and intracardially perfused with 0.9% saline. Brain tissue was collected on a cold plate and frozen in dry ice followed by storage at −80°C. The tissue samples were homogenized using a lysis buffer containing Tris-HCl (25 mM, pH 7.9), NaCl (100 mM), EDTA (5 mM), NP40 (1%), sodium butyrate (0.1 mM), Nam (5 mM), protease inhibitor (1%), phosphatase inhibitor, and PBS (pH 7.4). The lysate was analyzed by Western blotting and quantitative real-time PCR. The fraction for Western blotting was centrifuged at 15,000 g for 5 min at 4°C, and the supernatant was stored at −80°C. The remaining fractions were directly stored at −80°C. Protein concentration in the lysates was measured using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Waltham, MA, United States).



Quantitative Real-Time PCR

Total RNA was extracted from the brain samples using the RNeasy mini kit (Qiagen, Solna, Sweden) and measured in a spectrophotometer at 260-nm absorbance (NanoDrop 2000/2000c; Thermo Fisher Scientific, Rockford, IL, United States). Total RNA (500 ng) from each sample was used for first-strand cDNA synthesis according to the instructions of the manufacturer (QuantiTect reverse transcription kit; Qiagen, Solna, Sweden). In order to determine mRNA expression, the cDNA samples were further processed by quantitative real-time (qRT)-PCR. Each PCR reaction (20 μl) contained 10 ng of cDNA in a 5-μl volume, 10 μl of QuantiFast SYBR Green PCR master mix (Qiagen, Solna, Sweden), 2 μl of PCR primers, and 3 μl of H2O, to make a final reaction volume of 20 μl. The PCR primer was Mm_Sirt6_1_SG QuantiTect Primer Assay QT00112700 (Qiagen, Solna, Sweden). The amplification protocol comprised an initial 5-min denaturation at 95°C, followed by 40 cycles of denaturation for 10 s at 95°C and annealing/extension for 30 s at 60°C on LightCycler 480 (Roche, Stockholm, Sweden). Melting-curve analysis was performed to ensure that only one PCR product was obtained. For quantification and estimation of amplification efficiency, a standard curve was created using increasing concentrations of cDNA. The amplification transcripts were quantified with the relative standard curve and normalized to the concentration of cDNA in each RT sample measured using the Quant-iTTM 338 OliGreen ssDNA Assay Kit 339 (Invitrogen, Waltham, MA, United States) in accordance with (26). Data were normalized to geomean of Hprt1 and Ywhaz genes.



Western Immunoblotting

Tissue lysates were mixed with 4× Laemmli Sample buffer (Bio-Rad Laboratories, Hercules, CA, United States) and 10% β-Mercaptoethanol (Merck, Darmstadt, Germany), and diluted using PBS to obtain same protein concentration across all samples. The samples were heated at 95°C for 5 min before 10–20 μg of each was loaded on a 4–20% reducing gel (CriterionTM TGX Stain-FreeTM Precast Gels; Bio-Rad Laboratories, Hercules, CA, United States), and transferred to a 0.2-μm nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA, United States). Stain-free blots were imaged using a Gel Doc XR Plus system (Bio-Rad Laboratories, Hercules, CA, United States), and images were saved for normalization of immunoreactive bands to the total protein. Membranes were blocked with TBS-Tween (TBS-T) buffer (30 mM/L Tris-HCl, 100 mM/L NaCl, and 0.1% Tween: pH 7.45) containing 5% nonfat milk for 1 h at room temperature. After washing with TBS-T, the membranes were incubated overnight at 4°C with the following primary antibodies: sirt1 mouse monoclonal antibody (1:500, CST 8469; Cell Signaling, Leiden, WZ, Netherlands) and Sirt6 rabbit monoclonal antibody (1:500, CST 12486; Cell Signaling, Leiden, WZ, Netherlands). The membranes were washed with TBS-T and incubated with appropriate peroxidase-labelled secondary antibody (1:5,000; Vector Laboratories, Burlingame, CA, United States) in 5% nonfat milk for 1 h. Immunoreactive bands were visualized using an ECL substrate (Bio-Rad Laboratories, Hercules CA, United States) and a Gel Doc XR Plus system (Bio-Rad Laboratories, Hercules, CA, United States), and quantified using the Image LabTM software after normalizing to total protein (Bio-Rad Laboratories, Hercules CA, United States).



Multiplex Protein Analysis

Cytokines and chemokines in lysates from hippocampus were detected with a cytometric bead array using a Bio-Plex Pro mouse cytokine 9-plex assay (Bio-Rad Laboratories, Hercules CA, United States) and analyzed with a Luminex 200 system (Bio-Rad Laboratories, Hercules CA, United States) according to the instructions of the manufacturer and as previously described (Lai et al., 2020).



Thiol Oxidation

The oxidation of plasma albumin was measured as previously described (Lim et al., 2020) with the following modifications: blood samples were collected by heart puncture and applied onto a PerkinElmer 226 Spot Saver RUO Card containing polyethylene glycol maleimide. Cards were stored with silica gel desiccant for transport to the University of Western Australia. Albumin was extracted into 0.05% Tween 20 in 20 mM phosphate with further binding to Cibacron Blue F3GA agarose. Albumin was eluted with 25 μl of 1.4 M NaCl in 20 mM phosphate buffer, pH 7.4. Gel electrophoresis, imaging, and calculation of total albumin oxidation were performed as previously described (Lim et al., 2020).



Tissue Processing for Immunohistochemical Staining

The mice were deeply anaesthetized via intraperitoneal administration of pentobarbital (Pentacour) (60 mg/ml). The brains were removed from the skull and immersed in 6% buffered formaldehyde (Histofix; Histolab products AB; Västra Frölunda, Sweden) and stored at 4°C for 1 week. At the time of tissue processing, the brains were placed in a cryoprotective solution containing 30% (w.v1) sucrose for 48 h followed by placement on copper blocks for freezing in cold isopentane (Sigma Aldrich, Darmstadt, Germany). Free-floating 60-μm thick sections were cut coronally on a cryostat (Leica CM 3050 S; Leica, Wetzlar, Germany) and selected based on a systematic sampling principle and a section-sampling fraction of 1/6 (Gundersen, 2002) by selecting the first section of each series randomly using a random table.



Immunohistochemistry

The free-floating 60-μm thick sections were washed in phosphate-buffered saline (PBS, 0.1 M, pH 7.2, 30 min) followed by blocking with endogenous peroxidase (3% H2O2 in PBS, 30 min). Antigen retrieval was performed using 0.01 M citrate buffer (40 min at 85°C). Thereafter, the sections were rinsed in PBS (2 min × 15 min) and placed in 4% goat serum in PBS for 1 h. In the next step, the sections were incubated with a monoclonal rabbit anti-HMGB1 and anti-sirt6 (1:350, Ref# ab79823; 1:500, D8D12 CST; Abcam, Cambridge, United Kingdom) overnight at 4°C, followed by washing in PBS, incubation in polyclonal secondary goat-anti-rabbit biotinylated (1:200;Vector Laboratories, Olean, NY, United States) for 2 h, and washing in PBS (2 min × 15 min) and ABC elite (avidin-biotin-complex; Vector Laboratory, Burlingame, CA, United States) for 1 h at room temperature. Immunolabeling was performed using a 3,3-diaminobenzidine solution (Acros Organics, Geel, Belgium). Finally, the sections were mounted on gelatine-coated slides, dried, re-hydrated in demineralized water, dehydrated through a graded series of alcohol (95% and 99%), cleared in xylene, and coverslipped.



Measurement of Hippocampal High Mobility Group Box-1 Positive Area

Quantification of the area in hippocampus that exhibited HMGB1 translocation and release was performed on the HMGB1-stained sections by point counting using the Cavalieri estimator (Anzabi et al., 2018) and using a 10× objective lens under light microscope modified for stereology with a digital camera (Leica DFC 295; Leica, Wetzlar, Germany) and the newCASTTM software (Visopharm, Hørsholm, Denmark) (Figure 5). The following formula was used to calculate the volume of the HMGB1-positive area:
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FIGURE 1. Sirtuin 1 and sirtuin 6 protein expression after saline (SAL) + hypoxia-ischemia (HI) and lipopolysaccharide (LPS) + HI. Western blots of (A) sirtuin-1 (B) and sirtuin-6 were performed 1–12 h after SAL + HI or LPS+HI in injured (ipsilateral) and uninjured (contralateral) hippocampi. N = 5–6/group, *p < 0.05, **p < 0.01. Paired Wilcoxon signed-rank test (paired data) and Mann–Whitney U (non-paired data) were applied. Example of sirtuin 6 staining in the CA1 region of hippocampus (ipsi- and contralateral) 6 h after LPS + HI (20× objective lens), scale bar = 100 μm (C).
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FIGURE 2. Cytokine and chemokine levels following SAL + HI and LPS + HI. Multi-bead array analysis (9-plex) was applied to hippocampal lysate from ipsi- and contralateral hemispheres 2h after SAL + HI or LPS + HI. Protein expression for (A) IL-1β, (B) IL-6, (C) IL-12 (p40), (D) IL-12 (p70), (E) G-CSF, (F) GM-CSF, (G) CXCL1, (H) CCL2, and (I) TNF-α (I) was analyzed. n = 5–6/group, *p < 0.05; **p < 0.01. Paired t-test (paired data) and independent t-test (non-paired data) were performed.
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FIGURE 3. Effect of N-acetyl cysteine (NAC) treatment on thiol oxidation and brain injury after LPS + HI. Animals were subjected to LPS + HI and administered VEH (saline) or NAC treatment. (A) Thiol oxidation was analyzed 30 min after LPS + HI in blood. n = 7/group, **p < 0.01. Independent t-test was applied. Brains were removed and photographed 12 h after LPS + HI. (B) Typical example of brain injury appearance in VEH- and NAC-treated animals.
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FIGURE 4. Sirtuin 6 protein expression in the hippocampus following LPS + HI with or without NAC treatment. (A,B) Animals were subjected to LPS + HI, and sirtuin 6 protein expression was analyzed in ipsilateral (ipsi) and contralateral (contra) hippocampi by Western blot 12 h after LPS + HI with NAC or VEH treatment. n = 10–12/group **p < 0.01, ***p < 0.001, n = 10–12/group. Paired t-test (paired data) and independent t-test (non-paired data) were performed.
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FIGURE 5. Immunohistochemistry of high mobility group box-1 (HGMB1) release after LPS + HI with or without NAC treatment. (A) Representative image (5× objective lens) of neonatal mouse brain section stained with HMGB1 at the hippocampal level 6 h after LPS + HI and the area of HMGB1 translocation and release in the ipsilateral brain hemisphere (arrow), scale bar = 2.5 mm. (B) Application of point counting on 60-μm thick coronal HMGB1-stained sections for measuring the area with extracellular HMGB1 release, scale bar = 100 μm. (C) From area measurements, the percent of HMGB1 extracellular volume was calculated on hippocampal ipsilateral side and contralateral side in the VEH and NAC groups. n = 6–8, *p < 0.05. Independent t-test was performed.
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where ΣP is the total number of the points hitting the region of interest per animal, (a/p) is the area per test point; T is the section thickness (60 μm), and SSF is the section sampling fraction (1/6). The size of the HMGB1-positive area was presented as % of the size of the hippocampus.



Statistical Analysis

Data are presented as mean ± SD. All the statistical analyses were conducted using the SPSS statistical software (SPSS Statistics 21; IBM, Armonk, NY, United States). Graphs were created using Prism 8 (GraphPad Software Inc., San Diego, CA, United States). Prior to statistical tests, normal distribution of data was checked by making a Q–Q plot of the data. The variance homogeneity of data was also examined by Levene’s test. Data with normal distribution were compared between two independent groups (Saline/HI and LPS/HI) by independent t-test, and those with non-normal distribution were analyzed by Mann–Whitney U test. For analysis between ipsilateral and contralateral sides, the data were considered as paired. In such analysis, normally distributed data were analyzed by paired t-test, and non-normally distributed data were analyzed by paired Wilcoxon signed-rank test. P < 0.05 was considered statistically significant.




RESULTS


Lipopolysaccharide Alone Does Not Affect Sirtuin-6 mRNA or Protein Expression

In order to understand if LPS by itself affects sirtuin-6 expression, we measured the sirt6 mRNA and SIRT6 protein expression in the brain 12 h after LPS injection. There was no difference in mRNA expression (Supplementary Figure 1A, p > 0.05) or in protein expression (Supplementary Figure 1B, p > 0.05) in the brain after LPS.



Reduced Sirtuin 1 and Sirtuin 6 Protein Expression Following Lipopolysaccharide + Hypoxia-Ischemia

To analyze temporal changes in the expression of SIRT1 and SIRT6 proteins in response to an injurious event, we collected hippocampal tissues at 1, 2, 6, and 12 h after SAL + HI and LPS + HI (n = 5–6 per group and time point). The hippocampus was analyzed, as it is the most sensitive brain region in infection-induced sensitization of HI injury in neonatal mice (Lai et al., 2020). SIRT1 protein levels significantly decreased in the ipsilateral hippocampus compared with the contralateral side at 1, 2, and 6 h in the LPS + HI group (Figure 1A). There were no significant changes in SIRT1 levels between hemispheres following SAL + HI (Figure 1A). Analysis of SIRT1 protein levels in the ipsilateral hippocampus in SAL + HI and LPS + HI, within each time-point, showed no difference between the two groups (Figure 1A).

Sirtuin 6 protein expression was significantly decreased in the ipsilateral hippocampus compared with the contralateral side at all time points (1–12 h) after LPS + HI, while SIRT6 protein expression in the hippocampus was reduced at 2–12 h after SAL + HI (Figure 1B). Analysis of SIRT6 protein levels between the ipsilateral hippocampus in SAL + HI and LPS + HI within each time point showed significantly lower level of SIRT6 protein at 12 h after LPS + HI, while no changes at other time points were observed (Figure 1B).

Immunohistochemical staining for SIRT6 was evident in neurons in the contralateral CA1 region of the hippocampus, while staining was markedly reduced in the ipsilateral hippocampus 6 h after LPS + HI (Figure 1C).



Cytokine and Chemokine Response in Hippocampus Following Saline + Hypoxia-Ischemia and Lipopolysaccharide + Hypoxia-Ischemia

As both SIRT1 and SIRT6 protein expressions changed already 1–2 h after LPS + HI, we next used a cytometric bead array to measure a panel of cytokine and chemokine proteins in the hippocampus 2 h following SAL + HI and LPS + HI. Cytokines IL-1β, IL-6, IL-12 (p40), IL-12 (p70), GM-CSF, TNF-α, and the chemokine CCL2 were unchanged in the ipsilateral compared with contralateral hippocampi in the SAL + HI and LPS + HI groups (Figure 2, n = 5–6/group, p > 0.05). In contrast, G-CSF and CXCL1 were increased in the ipsilateral hippocampi compared with the contralateral hippocampi following LPS + HI (Figure 2, n = 5–6/group, p = 0.026 and p = 0.002, respectively). Analysis of cytokine and chemokine proteins in the ipsilateral hippocampus following SAL + HI and LPS + HI showed significant difference in IL-1β, G-CSF, and CXCL1 between the two groups (Figure 2).



N-Acetyl Cysteine Treatment Reduces Thiol Oxidation and Brain Injury After Lipopolysaccharide + Hypoxia-Ischemia

To investigate the effects of an antioxidant/anti-inflammatory compound on SIRT6 and HMGB1 in our model, we used NAC, as we have previously shown this to be protective in neonatal rats following inflammation-induced HI injury (Wang et al., 2007; Mottahedin et al., 2020). First, we confirmed the antioxidant effect of NAC and show reduced thiol oxidation in blood 30 min following NAC compared with VEH-treated LPS + HI animals (Figure 3A, n = 7/group, p = 0.007). Inspection of brain tissue 12 h after LPS + HI in VEH- and NAC-treated animals showed clear reduction in tissue pallor (indicative of reduced injury) in the NAC-treated animals (Figure 3B).



N-Acetyl Cysteine Treatment Restores Sirtuin 6 Protein Levels

To determine the effects of NAC on the expression of SIRT6 protein, hippocampi were collected from NAC- and VEH-treated LPS + HI mice 12 h after HI. SIRT6 levels were reduced in the ipsilateral hippocampus compared with the contralateral side in both VEH- and NAC-treated animals (Figure 4, n = 10–12/group, p = 0.001, p = 0.001, respectively). The reduction in SIRT6 in the ipsilateral hippocampus was significantly less in the NAC-treated animals compared with the SAL-treated mice (Figure 4, n = 10–12, p = 0.009).



N-Acetyl Cysteine Treatment Reduced Hippocampal High Mobility Group Box-1 Translocation and Release After Lipopolysaccharide + Hypoxia-Ischemia

Sirtuin 6 has been suggested as a regulator of HMGB1 release. Thus, we investigated the immunohistochemical expression of extracellular HMGB1 in the hippocampus after LPS-HI with or without NAC treatment. Extracellular HMGB1 positive areas, as determined by unbiased stereological method, were apparent in the ipsilateral hemisphere in both groups (Figures 5A,B). We found that the area of extracellular HMGB1 staining in the ipsilateral hippocampus was significantly smaller in the NAC group compared with the VEH group (Figure 5C, n = 6–8/group, p = 0.041).




DISCUSSION

Sirtuin 6 has been relatively little studied compared with other members of the sirtuin family (Klein and Denu, 2020). However, SIRT6 has been implicated as a therapeutic target in diverse conditions such as cardiovascular (Saiyang et al., 2021), Alzheimer’s (Mohamad Nasir et al., 2018), cancer (Fiorentino et al., 2021), and several other age-related diseases (Zhao et al., 2020). As perinatal brain injury and underlying mechanisms significantly differ from the adult (Mallard and Vexler, 2015), this study has focused on injury mechanisms in the neonatal brain. This is the first study to have investigated SIRT6 in a neonatal model of inflammation-induced brain injury. We demonstrate that the expression of SIRT6 protein is reduced and that the release of extracellular HMGB1 is increased in the injured ipsilateral hemisphere after LPS + HI. Treatment with the antioxidant NAC normalized these changes, which were accompanied by amelioration of brain injury. These results suggest that SIRT6 has a protective effect on the developing brain, effects at least partially linked to the regulation of HMGB1 extracellular release.

Sirtuin 6 deficiency in nonhuman primates results in developmental delay, including delay in neuronal differentiation (Zhang et al., 2018). It has been suggested that SIRT6 is a regulator of dendrite morphogenesis in rat hippocampal neurons and, therefore, important in development (Matsuno et al., 2021). SIRT6 has also been shown to protect the adult brain from cerebral ischemia/reperfusion injury (Zhang et al., 2017). While in this study LPS by itself did not alter sirtuin-6 mRNA or SIRT6 protein levels in the neonatal brain, SIRT6 expression in the injured hemisphere was reduced already 1 h after LPS + HI, and this reduction became more prominent with time. A similar response in SIRT6 was observed after SAL + HI, but started later (2 h) and with less marked changes. We know from our previous studies that brain injury is significantly more pronounced following LPS + HI compared with SAL+HI (Wang et al., 2009), which has also been shown in piglets (Martinello et al., 2019). Thus, the data suggest that the magnitude of reduction in SIRT6 is associated with the degree of injury. Similarly, we found significantly reduced expression of the SIRT1 protein, however, only in association with more severe LPS + HI-induced injury but not after SAL + HI. In support, the early regulation of SIRT1 has been shown previously after prolonged severe neonatal HI (2.5 h) (Carloni et al., 2017).

We observed increased HMGB1 extracellular staining in brain regions known to be injured following neonatal LPS + HI (Wang et al., 2009). Clinical studies have demonstrated that HMGB1 levels are elevated in the blood of neonates with perinatal asphyxia (Okazaki et al., 2008) and in the umbilical blood of neonates suffering from hypoxic-ischemic encephalopathy (Nakamura et al., 2013). HMGB1 extracellular release in the brain has been observed after cerebral ischemia in fetal sheep (Zhang et al., 2016) and in neonatal rat brain after cerebral hypoxia-ischemia (Chen et al., 2019). HMGB1 can be passively released during various forms of cell death, such as pyroptosis, apoptosis, autophagy, necroptosis, and necrosis (Scaffidi et al., 2002). Increased extracellular HMGB1 was recently linked to HI-induced brain damage in the hippocampus of neonatal mice, and it was shown that treatment with an HMGB1 inhibitor reversed the HI-induced loss of gray and white matter in the hippocampus and reduced neurobehavioral impairments (Le et al., 2020).

Increased extracellular HGMB1 staining was observed in the same brain regions where we found decreased SIRT6 expression, suggesting a possible mechanistic link. Similarly, decreased expression of SIRT6 was associated with the release of HGMB1 after adult cerebral ischemia (Lee et al., 2013). In that study, Lee et al. showed that Sirtuin6 gene knockdown by siRNA increased HMGB1 translocation. While the mechanisms were not fully elucidated, co-immunoprecipitation experiments suggested that SIRT6 does not interact directly with HMGB1 (Lee et al., 2013). An alternative mechanism is that decreased SIRT6 leads to elevated chromatin acetylation, which in turn can trigger HMGB1 release and inflammation (Scaffidi et al., 2002). Another possibility is that SIRT6 affects the nuclear retention of HMGB1 through the regulation of NF-kB activity. Under normal conditions, SIRT6 can maintain inflammatory homeostasis through interaction with the NF-kB subunit RelA, leading to deacetylation of histone H3K9 on NF-kB target gene promoters, thereby decreasing transcription through NF-kB (Kawahara et al., 2009; Ha et al., 2011). However, in this study, decreased SIRT6 expression was not reflected in, at least, early expression of cytokines and chemokines, except for an increase in G-CSF and CXCL1 in the injured ipsilateral hemisphere. Potentially, SIRT6 levels may be better related to the cytokine response at later time points after HMGB1 release. However, another alternative explanation is that a lowered level of SIRT6 results in decreased ERK and IGF-1 signaling known to be protective in HI-induced neonatal brain damage (Gluckman et al., 1992; Brywe et al., 2005). ERK can regulate the translocation of HMGB1, and SIRT6-deprived cells have reduced ERK (Matsuno et al., 2021); the effect of ERK phosphorylation on HMGB1 release does not affect the production of cytokines (Zhou et al., 2013). With respect to the brain, the ERK inhibitor U0126 blocked HMGB1 release from astrocytes (Hayakawa et al., 2010). Obviously, the relationship between SIRT6 and HMGB1 release is complex and can be multifactorial; however, it is possible that decreased SIRT6, at least partly, causes increased release of HMGB1 via lack of ERK phosphorylation.

High mobility group box-1 has been shown to act as a mediator of endotoxemia in mice and is regarded as a damage-associated molecular pattern (DAMP) molecule, causing inflammatory responses in various diseases (Wang et al., 1999a; Lotze and Tracey, 2005; Andersson and Tracey, 2011). Once in the extracellular space, HMGB1 can activate an array of innate immune receptors, such as RAGE and toll-like receptors (TLR) 2 and 4 (Yang H. et al., 2020). The mRNA and protein expression of RAGE is increased after neonatal hypoxia-ischemia (Pichiule et al., 2007), and we have shown increased expression of TLR2 (Stridh et al., 2011). The effects on these receptors are dependent on the oxidation status of HMGB1 where the mixed form with one disulfide bridge and one reduced –SH group is the variant that activates TLRs (Kwak et al., 2020). Thus, while the mechanism of translocation from the nucleus and release to the extracellular space under ischemic conditions is not fully clear, it may include the oxidation of HMGB1 (Kwak et al., 2020). The importance of partial oxidation of HMGB1 as a trigger of nuclear to cytoplasmic translocation points toward a site of action of antioxidants, although this is not well explored. The levels of the SIRT6 protein have been shown to be reduced by H2O2-induced oxidative stress (Liu et al., 2014). It follows that part of the antioxidant protective effects of NAC against LPS+HI injury could be exerted via blockage of a decrease in SIRT6 that has been shown to preserve nuclear HMGB1 as well as the maintenance of the reduced form of HMGB1. Both of these effects would keep HMGB1 in the nucleus. Our data demonstrating that NAC treatment normalized SIRT6 and reduced extracellular HMGB1 release support such a notion.

We acknowledge several limitations of the study, such as the study groups were not dimensioned to detect sex differences and there was no long-term follow-up on sirtuin and HMGB1 regulation. Furthermore, NAC treatment was only administered prior to HI; thus, the effects of NAC on sirtuins and HMGB1 solely post-HI could not be assessed.

In conclusion, LPS-sensitized HI caused decreased SIRT6 levels and increased release of HMGB1 in the neonatal brain. Treatment with NAC was protective and restored SIRT6 and blocked the release of HMGB1. Further studies are needed to clarify the detailed relationship between SIRT6 and neonatal brain injury, but our data indicate that SIRT6 could be a target for therapeutic intervention against LPS-sensitized HI-induced brain damage by reducing HMGB1 release.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The animal study was reviewed and approved by Gothenburg Animal Ethics Committee (No. 663/2017).



AUTHOR CONTRIBUTIONS

CM, MS, HH, GS-M, and TK designed the study. MA, GS-M, TK, PS, TC, PA, and CJ performed the experiments, data collection, and data analysis. CM, MS, GS-M, and TK interpreted the results and wrote the manuscript. All authors provided the conceptual advice, commented on the manuscript, and approved the final version of the manuscript for submission.



FUNDING

This study was supported by Swedish Research Council (VR-2017-01409), Public Health Service at the Sahlgrenska University Hospital (ALFGBG-722491), The Swedish Brain Foundation (FO2019-0270), and Åhlen Foundation.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fncel.2021.743093/full#supplementary-material

Supplementary Figure 1 | Sirtuin 6 expression in the brain after lipopolysaccharide (LPS) treatment. Sirtuin 6 mRNA expression in the brain was assessed by (A) qPCR and protein expression by (B) Western blot 12 h after LPS. n = 10–17/group. Independent t-test was performed.



REFERENCES

Adams, L. E., Moss, H. G., Lowe, D. W., Brown, T., Wiest, D. B., Hollis, B. W., et al. (2021). NAC and vitamin D restore CNS glutathione in endotoxin-sensitized neonatal hypoxic-ischemic rats. Antioxidants (Basel) 10:489. doi: 10.3390/antiox10030489

Andersson, U., and Tracey, K. J. (2011). HMGB1 is a therapeutic target for sterile inflammation and infection. Annu. Rev. Immunol. 29, 139–162. doi: 10.1146/annurev-immunol-030409-101323

Anzabi, M., Ardalan, M., Iversen, N. K., Rafati, A. H., Hansen, B., and Ostergaard, L. (2018). Hippocampal atrophy following subarachnoid hemorrhage correlates with disruption of astrocyte morphology and capillary coverage by AQP4. Front. Cell Neurosci. 12:19. doi: 10.3389/fncel.2018.00019

Bause, A. S., and Haigis, M. C. (2013). SIRT3 regulation of mitochondrial oxidative stress. Exp. Gerontol. 48, 634–639. doi: 10.1016/j.exger.2012.08.007

Brywe, K. G., Mallard, C., Gustavsson, M., Hedtjarn, M., Leverin, A. L., Wang, X., et al. (2005). IGF-I neuroprotection in the immature brain after hypoxia-ischemia, involvement of Akt and GSK3beta? Eur. J. Neurosci. 21, 1489–1502. doi: 10.1111/j.1460-9568.2005.03982.x

Carloni, S., Albertini, M. C., Galluzzi, L., Buonocore, G., Proietti, F., and Balduini, W. (2014). Melatonin reduces endoplasmic reticulum stress and preserves sirtuin 1 expression in neuronal cells of newborn rats after hypoxia-ischemia. J. Pineal Res. 57, 192–199. doi: 10.1111/jpi.12156

Carloni, S., Favrais, G., Saliba, E., Albertini, M. C., Chalon, S., Longini, M., et al. (2016). Melatonin modulates neonatal brain inflammation through endoplasmic reticulum stress, autophagy, and miR-34a/silent information regulator 1 pathway. J. Pineal Res. 61, 370–380. doi: 10.1111/jpi.12354

Carloni, S., Riparini, G., Buonocore, G., and Balduini, W. (2017). Rapid modulation of the silent information regulator 1 by melatonin after hypoxia-ischemia in the neonatal rat brain. J. Pineal Res. 63:e12434. doi: 10.1111/jpi.12434

Chen, X., Zhang, J., Kim, B., Jaitpal, S., Meng, S. S., Adjepong, K., et al. (2019). High-mobility group box-1 translocation and release after hypoxic ischemic brain injury in neonatal rats. Exp. Neurol. 311, 1–14. doi: 10.1016/j.expneurol.2018.09.007

Eklind, S., Mallard, C., Arvidsson, P., and Hagberg, H. (2005). Lipopolysaccharide induces both a primary and a secondary phase of sensitization in the developing rat brain. Pediatr. Res. 58, 112–116. doi: 10.1203/01.PDR.0000163513.03619.8D

Eklind, S., Mallard, C., Leverin, A. L., Gilland, E., Blomgren, K., Mattsby-Baltzer, I., et al. (2001). Bacterial endotoxin sensitizes the immature brain to hypoxic–ischaemic injury. Eur. J. Neurosci. 13, 1101–1106. doi: 10.1046/j.0953-816x.2001.01474.x

Fiorentino, F., Carafa, V., Favale, G., Altucci, L., Mai, A., and Rotili, D. (2021). The Two-faced role of SIRT6 in cancer. Cancers (Basel) 13:1156. doi: 10.3390/cancers13051156

Gluckman, P., Klempt, N., Guan, J., Mallard, C., Sirimanne, E., Dragunow, M., et al. (1992). A role for IGF-1 in the rescue of CNS neurons following hypoxic-ischemic injury. Biochem. Biophys. Res. Commun. 182, 593–599. doi: 10.1016/0006-291x(92)91774-k

Gundersen, H. J. (2002). Stereological estimation of tubular length. J. Microsc. 207, 155–160. doi: 10.1046/j.1365-2818.2002.01047.x

Ha, T., Xia, Y., Liu, X., Lu, C., Liu, L., Kelley, J., et al. (2011). Glucan phosphate attenuates myocardial HMGB1 translocation in severe sepsis through inhibiting NF-kappaB activation. Am. J. Physiol. Heart Circ. Physiol. 301, H848–H855. doi: 10.1152/ajpheart.01007.2010

Hagberg, H., Mallard, C., Ferriero, D. M., Vannucci, S. J., Levison, S. W., Vexler, Z. S., et al. (2015). The role of inflammation in perinatal brain injury. Nat. Rev. Neurol. 11, 192–208.

Hayakawa, K., Arai, K., and Lo, E. H. (2010). Role of ERK map kinase and CRM1 in IL-1beta-stimulated release of HMGB1 from cortical astrocytes. Glia 58, 1007–1015. doi: 10.1002/glia.20982

Houtkooper, R. H., Pirinen, E., and Auwerx, J. (2012). Sirtuins as regulators of metabolism and healthspan. Nat. Rev. Mol. Cell Biol. 13, 225–238. doi: 10.1038/nrm3293

Kawahara, T. L., Michishita, E., Adler, A. S., Damian, M., Berber, E., Lin, M., et al. (2009). SIRT6 links histone H3 lysine 9 deacetylation to NF-kappaB-dependent gene expression and organismal life span. Cell 136, 62–74. doi: 10.1016/j.cell.2008.10.052

Kim, J. B., Sig Choi, J., Yu, Y. M., Nam, K., Piao, C. S., Kim, S. W., et al. (2006). HMGB1, a novel cytokine-like mediator linking acute neuronal death and delayed neuroinflammation in the postischemic brain. J. Neurosci. 26, 6413–6421. doi: 10.1523/JNEUROSCI.3815-05.2006

Klein, M. A., and Denu, J. M. (2020). Biological and catalytic functions of sirtuin 6 as targets for small-molecule modulators. J. Biol. Chem. 295, 11021–11041.

Kong, D., Yao, G., Bai, Y., Yang, G., Xu, Z., Kong, Y., et al. (2020). Expression of sirtuins in ovarian follicles of postnatal mice. Mol. Reprod. Dev. 87, 1097–1108. doi: 10.1002/mrd.23418

Kwak, M. S., Kim, H. S., Lee, B., Kim, Y. H., Son, M., and Shin, J. S. (2020). Immunological significance of HMGB1 post-translational modification and redox biology. Front. Immunol. 11:1189. doi: 10.3389/fimmu.2020.01189

Lai, J. C. Y., Svedin, P., Ek, C. J., Mottahedin, A., Wang, X., Levy, O., et al. (2020). Vancomycin is protective in a neonatal mouse model of staphylococcus epidermidis-potentiated hypoxic-ischemic brain injury. Antimicrob. Agents Chemother. 64, e02003–19. doi: 10.1128/AAC.02003-19

Le, K., Wu, S., Chibaatar, E., Ali, A. I., and Guo, Y. (2020). Alarmin HMGB1 plays a detrimental role in hippocampal dysfunction caused by hypoxia-ischemia insult in neonatal mice: evidence from the application of the HMGB1 inhibitor glycyrrhizin. ACS Chem. Neurosci. 11, 979–993. doi: 10.1021/acschemneuro.0c00084

Lee, O. H., Kim, J., Kim, J. M., Lee, H., Kim, E. H., Bae, S. K., et al. (2013). Decreased expression of sirtuin 6 is associated with release of high mobility group box-1 after cerebral ischemia. Biochem. Biophys. Res. Commun. 438, 388–394. doi: 10.1016/j.bbrc.2013.07.085

Li, H. (2014). “Sirtuin 1 (SIRT1) and oxidative stress,” in Systems Biology of Free Radicals and Antioxidants, ed. I. Laher (Berlin: Springer), 417–435. doi: 10.1007/978-3-642-30018-9_17

Lim, Z. X., Duong, M. N., Boyatzis, A. E., Golden, E., Vrielink, A., Fournier, P. A., et al. (2020). Oxidation of cysteine 34 of plasma albumin as a biomarker of oxidative stress. Free Radic. Res. 54, 91–103. doi: 10.1080/10715762.2019.1708347

Liu, R., Liu, H., Ha, Y., Tilton, R. G., and Zhang, W. (2014). Oxidative stress induces endothelial cell senescence via downregulation of Sirt6. Biomed. Res. Int. 2014:902842.

Lotze, M. T., and Tracey, K. J. (2005). High-mobility group box 1 protein (HMGB1): nuclear weapon in the immune arsenal. Nat. Rev. Immunol. 5, 331–342. doi: 10.1038/nri1594

Mallard, C., and Vexler, Z. S. (2015). Modeling ischemia in the immature brain: how translational are animal models? Stroke 46, 3006–3011. doi: 10.1161/strokeaha.115.007776

Martinello, K. A., Meehan, C., Avdic-Belltheus, A., Lingam, I., Ragab, S., Hristova, M., et al. (2019). Acute LPS sensitization and continuous infusion exacerbates hypoxic brain injury in a piglet model of neonatal encephalopathy. Sci. Rep. 9:10184. doi: 10.1038/s41598-019-46488-y

Matsuno, H., Tsuchimine, S., Fukuzato, N., O’hashi, K., Kunugi, H., and Sohya, K. (2021). Sirtuin 6 is a regulator of dendrite morphogenesis in rat hippocampal neurons. Neurochem. Int. 145:104959. doi: 10.1016/j.neuint.2021.104959

Merenmies, J., Pihlaskari, R., Laitinen, J., Wartiovaara, J., and Rauvala, H. (1991). 30-kDa heparin-binding protein of brain (amphoterin) involved in neurite outgrowth. Amino acid sequence and localization in the filopodia of the advancing plasma membrane. J. Biol. Chem. 266, 16722–16729.

Mohamad Nasir, N. F., Zainuddin, A., and Shamsuddin, S. (2018). Emerging Roles of Sirtuin 6 in Alzheimer’s Disease. J. Mol. Neurosci. 64, 157–161.

Mottahedin, A., Blondel, S., Ek, J., Leverin, A. L., Svedin, P., Hagberg, H., et al. (2020). N-acetylcysteine inhibits bacterial lipopeptide-mediated neutrophil transmigration through the choroid plexus in the developing brain. Acta Neuropathol. Commun. 8:4. doi: 10.1186/s40478-019-0877-1

Muhammad, S., Barakat, W., Stoyanov, S., Murikinati, S., Yang, H., Tracey, K. J., et al. (2008). The HMGB1 receptor RAGE mediates ischemic brain damage. J. Neurosci. 28, 12023–12031.

Nakamura, T., Yamada, S., and Yoshioka, T. (2013). Brain hypothermic therapy dramatically decreases elevated blood concentrations of high mobility group box 1 in neonates with hypoxic-ischemic encephalopathy. Dis. Markers 35, 327–330. doi: 10.1155/2013/327604

Okazaki, K., Kondo, M., Kato, M., Kakinuma, R., Nishida, A., Noda, M., et al. (2008). Elevation of high-mobility group box 1 concentration in asphyxiated neonates. Neonatology 94, 105–109. doi: 10.1159/000116635

Pichiule, P., Chavez, J. C., Schmidt, A. M., and Vannucci, S. J. (2007). Hypoxia-inducible factor-1 mediates neuronal expression of the receptor for advanced glycation end products following hypoxia/ischemia. J. Biol. Chem. 282, 36330–36340. doi: 10.1074/jbc.M706407200

Saiyang, X., Deng, W., and Qizhu, T. (2021). Sirtuin 6: a potential therapeutic target for cardiovascular diseases. Pharmacol. Res. 163:105214.

Scaffidi, P., Misteli, T., and Bianchi, M. E. (2002). Release of chromatin protein HMGB1 by necrotic cells triggers inflammation. Nature 418, 191–195. doi: 10.1038/nature00858

Shah, S. A., Khan, M., Jo, M. H., Jo, M. G., Amin, F. U., and Kim, M. O. (2017). Melatonin Stimulates the SIRT1/Nrf2 Signaling Pathway Counteracting Lipopolysaccharide (LPS)-induced oxidative stress to rescue postnatal rat brain. CNS Neurosci. Ther. 23, 33–44. doi: 10.1111/cns.12588

Shao, A., Lin, D., Wang, L., Tu, S., Lenahan, C., and Zhang, J. (2020). Oxidative stress at the crossroads of aging, stroke and depression. Aging Dis. 11, 1537–1566. doi: 10.14336/AD.2020.0225

Stridh, L., Smith, P. L., Naylor, A. S., Wang, X., and Mallard, C. (2011). Regulation of toll-like receptor 1 and -2 in neonatal mice brains after hypoxia-ischemia. J. Neuroinflamm. 8:45. doi: 10.1186/1742-2094-8-45

Ulloa, L., and Messmer, D. (2006). High-mobility group box 1 (HMGB1) protein: friend and foe. Cytokine Growth Factor Rev. 17, 189–201. doi: 10.1016/j.cytogfr.2006.01.003

Wang, H., Vishnubhakat, J. M., Bloom, O., Zhang, M., Ombrellino, M., Sama, A., et al. (1999b). Proinflammatory cytokines (tumor necrosis factor and interleukin 1) stimulate release of high mobility group protein-1 by pituicytes. Surgery 126, 389–392. doi: 10.1016/s0039-6060(99)70182-0

Wang, H., Bloom, O., Zhang, M., Vishnubhakat, J. M., Ombrellino, M., Che, J., et al. (1999a). HMG-1 as a late mediator of endotoxin lethality in mice. Science 285, 248–251. doi: 10.1126/science.285.5425.248

Wang, X., Stridh, L., Li, W., Dean, J., Elmgren, A., Gan, L., et al. (2009). Lipopolysaccharide sensitizes neonatal hypoxic-ischemic brain injury in a MyD88-dependent manner. J. Immunol. 183, 7471–7477. doi: 10.4049/jimmunol.0900762

Wang, X., Svedin, P., Nie, C., Lapatto, R., Zhu, C., Gustavsson, M., et al. (2007). N-acetylcysteine reduces lipopolysaccharide-sensitized hypoxic-ischemic brain injury. Ann. Neurol. 61, 263–271. doi: 10.1002/ana.21066

Yang, H., Wang, H., and Andersson, U. (2020). Targeting inflammation driven by HMGB1. Front. Immunol. 11:484. doi: 10.3389/fimmu.2020.00484

Yang, W., Chang, Z., Que, R., Weng, G., Deng, B., Wang, T., et al. (2020). Contra-Directional expression of plasma superoxide dismutase with lipoprotein cholesterol and high-sensitivity C-reactive protein as important markers of Parkinson’s disease severity. Front. Aging Neurosci. 12:53. doi: 10.3389/fnagi.2020.00053

Zhang, J., Klufas, D., Manalo, K., Adjepong, K., Davidson, J. O., Wassink, G., et al. (2016). HMGB1 Translocation After Ischemia in the Ovine Fetal Brain. J. Neuropathol. Exp. Neurol. 75, 527–538. doi: 10.1093/jnen/nlw030

Zhang, J., Takahashi, H. K., Liu, K., Wake, H., Liu, R., Maruo, T., et al. (2011). Anti-high mobility group box-1 monoclonal antibody protects the blood-brain barrier from ischemia-induced disruption in rats. Stroke 42, 1420–1428. doi: 10.1161/STROKEAHA.110.598334

Zhang, W., Wan, H., Feng, G., Qu, J., Wang, J., Jing, Y., et al. (2018). SIRT6 deficiency results in developmental retardation in cynomolgus monkeys. Nature 560, 661–665. doi: 10.1038/s41586-018-0437-z

Zhang, W., Wei, R., Zhang, L., Tan, Y., and Qian, C. (2017). Sirtuin 6 protects the brain from cerebral ischemia/reperfusion injury through NRF2 activation. Neuroscience 366, 95–104. doi: 10.1016/j.neuroscience.2017.09.035

Zhao, L., Cao, J., Hu, K., He, X., Yun, D., Tong, T., et al. (2020). Sirtuins and their biological relevance in aging and age-related diseases. Aging Dis. 11, 927–945.

Zhou, J. R., Zhang, L. D., Wei, H. F., Wang, X., Ni, H. L., Yang, F., et al. (2013). Neuropeptide Y induces secretion of high-mobility group box 1 protein in mouse macrophage via PKC/ERK dependent pathway. J. Neuroimmunol. 260, 55–59. doi: 10.1016/j.jneuroim.2013.04.005


Conflict of Interest: GS-M is currently an employee of AstraZeneca.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Singh-Mallah, Kawamura, Ardalan, Chumak, Svedin, Arthur, James, Hagberg, Sandberg and Mallard. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fncel-15-743093-g001.jpg
>

1%107 =

5x106 =

SIRT1 protein level (AU)
(normalised to total protein)

AAAAAAANNNNYS

0 -

SIRT6 protein level (AU)
(normalised to total protein)

0

(@

1%107 =

5x106 -

ANAANANANAANNNNYN

1h 2h 6h 12h

_:L. I. I — - Kok

AAAAAASAANNNNGSYN
AARASNSASNAANANNYN
ASANSSANSANNNYSN

AANSNNNN

AAANSASNANNNANYS

I > -
I 1 o I
[ g
1 sAaL+HI-C

SAL+HI  LPS+HI  SAL+HI LPS+HI  SAL+HI LPS+HI  SAL+HI LPS+HI  Naive //// S AL+ H| |

[ ] LPS+HI-C
A LPS+ HI-I

SAL+HI  LPS+HI  SAL+HI LPS+HI SAL+HI LPS+HI SAL+HI LPS+HI  Naive
1h 2h 6h 12h

Contralateral
huppocampus

Ipsilateral
hippocampus






OPS/images/fncel-15-743093-g003.jpg
>

% Albumin Thiol Oxidation

Blood 30 min
40 -
i
30—
R el
20 —
10—
0 | I
VEH NAC

LPS+HI + VEH

LPS+HI + NAC






OPS/images/fncel-15-743093-e000.jpg





OPS/images/fncel-15-743093-g002.jpg
DO

T T
8 6

T T
< o~

o

(a3esA| jedwesoddiy Buwybu)
(ovd) Z1-T1

(&

—

I T
5. 0.

T
wn

o

- -« o O.
(ayesA| jedwesoddiy Bw/bu)
91
11
£ 3

) ) ) )

o o o o o
@ © < ~

<

din

(eyesA| jedwesoddiy Huwbu)

LPS+HI

SAL+HI

LPS+HI

SAL+HI

LPS+HI

SAL+HI

© or o~ o
(ayesA| jedwesoddiy Hwy/bu)
4SO-WNO

- =
+
n
(o
ﬁ L
_.m i
+
ol
<
ﬁ S
& 3 5 >
(ayesA| jedwesoddiy Bw/bu)
480-9
. -
+
%
a
L
DN ;
+
-l
_ <
S
o o o o
™ o~ -

(ayesA| jedwesoddiy Hw/bu)

(02d) Z1-1

LPS+HI

SAL+HI

L

o

LPS+HI

SAL+HI

(ayesA| jedwesoddiy Huw/bu)

T T T
o o o
@0 < N

PANL

DA

m o o o o C
AOI (=<} w0 << N
(ayesA| jedwesoddiy Bwy/bu)
2100
¥
N
NN
o = 5 5
(eyesA| jedwesoddiy Hw/Bu)

110XO

o

LPS+HI

SAL+HI

LPS+HI

SAL+HI

[ ] Lps+HI-C

SAL+ HI-C

/77 SAL+ HI-|

/77 LPS+ HI-I





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		N-Acetyl Cysteine Restores Sirtuin-6 and Decreases HMGB1 Release Following Lipopolysaccharide-Sensitized Hypoxic-Ischemic Brain Injury in Neonatal Mice



		INTRODUCTION



		EXPERIMENTAL PROCEDURES



		Animals



		Hypoxia-Ischemia, Lipopolysaccharide, and N-Acetyl Cysteine Treatment



		Tissue Collection for Biochemical Analysis



		Quantitative Real-Time PCR



		Western Immunoblotting



		Multiplex Protein Analysis



		Thiol Oxidation



		Tissue Processing for Immunohistochemical Staining



		Immunohistochemistry



		Measurement of Hippocampal High Mobility Group Box-1 Positive Area



		Statistical Analysis







		RESULTS



		Lipopolysaccharide Alone Does Not Affect Sirtuin-6 mRNA or Protein Expression



		Reduced Sirtuin 1 and Sirtuin 6 Protein Expression Following Lipopolysaccharide + Hypoxia-Ischemia



		Cytokine and Chemokine Response in Hippocampus Following Saline + Hypoxia-Ischemia and Lipopolysaccharide + Hypoxia-Ischemia



		N-Acetyl Cysteine Treatment Reduces Thiol Oxidation and Brain Injury After Lipopolysaccharide + Hypoxia-Ischemia



		N-Acetyl Cysteine Treatment Restores Sirtuin 6 Protein Levels



		N-Acetyl Cysteine Treatment Reduced Hippocampal High Mobility Group Box-1 Translocation and Release After Lipopolysaccharide + Hypoxia-Ischemia







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fncel-15-743093-g005.jpg
NAC

3 N\

J I I I !
o o o o o o
0 8 6 4 2
1

O (%) sawnjoA Lg9INH |edwesoddiy-isd|






OPS/images/fncel-15-743093-g004.jpg
kDa

Sirt 6 protein level (AU)
(normalised to total protein)

60

50

40

30

20

1.

5x107 —

1%107 —

52106 -

VEH-I VEH-C NAC-I NAC-C
W e G e T

Jede X

ek

= A

Lk

Contra

Ipsi

VEH

Contra

Ipsi

NAC





OPS/images/cover.jpg
frontiers |
in Cellular Neuroscience

N-Acetyl Cysteine Restores
Sirtuin-6 and Decreases HMGB1
Release Following
Lipopolysaccharide-Sensitized
Hypoxic-lschemic Brain Injury
in Neonatal Mice









OPS/images/logo.jpg
’ frontiers
in Cellular Neuroscience





