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Ang-(1-7) exerts anti-inflammatory and antioxidant activities on high glucose-induced injury by prohibiting NF-κB-IL-1β and activating HO-1 pathways in HUVECs
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Abstract: Previous reports have suggested that Ang-(1-7) may have a protective effect in endothelial cells against high glucose (HG)-induced cell injury thanks to a modulatory mechanism in the NF-κB signaling pathway. In this study, we have examined whether NF-κB-IL-1β and Heme oxygenase-1 (HO-1) pathways contribute to the protection of Ang-(1-7) against hyperglycemia-induced inflammation and oxidative stress in human umbilical vein endothelial cells (HUVECs). Our results indicate that time-varying exposures of HUVECs, from 1 h to 24 h, to high glucose concentrations result in an increased expression of phosphorylated (p)-p65 and HO-1 in a time-dependent manner. As an inhibitor of NF-κB, pyrrolidinedithiocarbamic acid (PDTC) suppressed IL-1β production induced by HG. Of note, HUVECs previously treated with Ang-(1-7) (2 μM) for 30 min before being exposed to HG concentrations significantly ameliorated the HG-increased in p-p65 and IL-1β expression; whereas obviously up-regulated the level of HO-1, along with inhibition of oxidative stress, inflammation, and the HG-induced cytotoxicity. Importantly, when HUVECs were previously treated either with PDTC or IL-1Ra for 30 min before being exposed to HG, it significantly prevented damages caused by high glucose concentrations mentioned above, while the treatment of HO-1 inhibitor Sn-protoporphyrin (SnPP) before exposure to both HG and Ang-(1-7) significantly blocked the protective effect exerted by Ang-(1-7) on endothelial cells against injuries induced by HG mentioned above. To conclude, the data of this study showed that activation and inhibition of the NF-κB-IL-1β pathway and HO-1 pathway may constitute an important defense mechanism against endothelial cell damage caused by HG concentrations. We additionally gave new evidence showing that exogenous Ang-(1-7) exerts a protective effect on HUVECs against the HG-induced cell injury via the inhibition and the activation of the NF-κB-IL-1β pathway and the HO-1 pathway, respectively.
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Introduction

The predominance of diabetes mellitus (DM) is constantly incrementing, and the number of new cases is predicted to approximate 591.9 million in 2035 around the world (Guariguata et al., 2014; Shaw et al., 2010). DM almost damages every organ of the human body. It is important to stress that cardiovascular complications represent the most common cause of death in diabetic patients. Consequently, diabetes-induced vascular endothelium injury is a central player in the pathogenesis of medical complications of diabetes mellitus, with vascular endothelial cells playing a key role in preserving endothelial dysfunction (Capellini et al., 2010; Taguchi et al., 2014). Several studies have indicated that DM causes multiple pathological alterations in vascular endothelial cells; damages include inflammation, oxidative stress, and augmented apoptosis (Bhatt et al., 2013; Zhang et al., 2016b; Zhao et al., 2016a). However, the molecular mechanism of endothelial cell injury induced by hyperglycemia in DM is still unclear.

The peptide hormone Ang-(1-7) is recognized as a new-found member family of the hormonal cascade renin-angiotensin system (RAS), and its related biological active effects have challenged the public’s knowledge of the traditional RAS. The membrane-bound aminopeptidase, angiotensin-converting enzyme 2 (ACE-2), cleaves angiotensin II (ANG II) to produce bioactive heptapeptides Ang-(1-7). Previous research has revealed that Ang-(1–7) is an anti-mediator of Ang-II, which exerts protection of organs and cells by anti-inflammatory, antioxidation, anti-apoptosis effects (Lin et al., 2016; Meneses et al., 2015; Zhang et al., 2016a). Ang-(1–7) seems, by all accounts, to have a crucial role in protecting against cardiovascular diseases (Chang et al., 2016; Hisatake et al., 2017; Patel et al., 2016; Zhang et al., 2015a). Therefore, the public pays more and more attention to the protection provided by Ang-(1-7) against cardiovascular complications resulting from hyperglycemia. The above finding is supported by the following: first, previous research has indicated that the level of Ang-(1-7) is low in plasma of diabetic-induced cardiac dysfunction patients (Hao et al., 2013). Second, ACE2 expression levels are diminished in diabetic patients (Reich et al., 2008). Third, increased expression of ACE2 contributes to the improvement of blood glucose control and the alleviation in streptozotocin (STZ)-induced diabetic mice exhibiting glomerular lesions (Liu et al., 2011). Fourth, Ang-(1-7) partly controls blood sugar levels by regulating insulin production, insulin resistance, and pancreatic β-cell survival (He et al., 2015a). Fifth, Ang-(1-7) can exert protection against diabetes-related cardiovascular events (Benter et al., 2007; Yousif et al., 2012). Furthermore, a recent study has indicated that upregulation of Ang-(1-7)-mediated signaling pathways confers protection of endothelial function via suppression of oxidative stress in diabetic mice (Zhang et al., 2015b). These studies indicate that Ang-(1-7) is strongly related to endothelial dysfunction caused by hyperglycemia.

Nonetheless, the potential contribution of endogenous Ang (1-7) in preserving the functionality of endothelial cells in DM patients is still poorly understood. According to a previous study, Ang-(1-7) inhibits the activation of NF-κB in HUVECs (Liang et al., 2015) and IL-1β in vascular diseases (Jin et al., 2012). As a stress-responsive protein, HO-1 is induced by oxidative stress and has cytoprotective and anti-inflammatory functions in cardiovascular disease (Chen et al., 2018; Peiro et al., 2017). The HO-1 pathway is also associated with Ang II-induced production of reactive oxygen species (ROS) in human late endothelial progenitor cells during angiogenesis (Mai et al., 2014). Furthermore, IL-1β, NF-κB, and HO-1 are linked to hyperglycemia- or diabetes-induced endothelial dysfunction in vivo and in vitro (Guan et al., 2014; He et al., 2015b; Mylroie et al., 2015; Wang et al., 2015; Wenzel et al., 2015; Zhu et al., 2015). However, the mechanism behind how NF-κB, IL-1β, and HO-1 regulate high glucose-induced endothelial cell functions is not completely clear and still needs to be further explored. In this study, we hypothesized that inhibition of both NF-κB and IL-1β and upregulation of HO-1 protect HUVECs against hyperglycemia-elicited oxidative stress and endothelial inflammation.

Materials and Methods

Materials

Mannitol, Angiotensin-(1-7), PDTC, IL-1Ra (inhibitor of IL-1β receptor), superoxide dismutase (SOD) assay kit, glutathione assay kit, and 2’-7’dichlorodihydrofluorescein diacetate (DCFH-DA) were obtained from Sigma-Aldrich (St Louis, MO, USA). SnPP was bought from Calbiochem (La Jolla, CA, USA). The cell counting kit-8 (CCK-8) was obtained from Dojindo Lab (Kumamoto, Japan). Fetal bovine serum (FBS) and DMEM medium were purchased from Gibco BRL (Grand Island, NY, USA). Phosphorylated (p)- p65 antibody, total (t)-p65 antibody, Heme oxygenase-1 (HO-1) antibody, inducible nitric oxide synthase (iNOS) antibody, Bcl-2 antibody, Bax antibody, cleaved caspase-3 antibody, cyclooxygenase-2 (COX-2) antibody, vascular cell adhesion molecule 1 (VCAM-1, also known as CD54) antibody and intercellular cell adhesion molecule-1 (ICAM-1) antibody were purchased from Cell Signaling Technology (Boston, MA, USA). Enzyme-linked immunosorbent assay (ELISA) kits used for the identification of IL-1β and TNF-α were acquired from Wuhan Boster Biological Technology, Ltd. (Wuhan, China). BCA protein assay kit and HRP-conjugated secondary antibody were bought from KangChen Biotech, Inc. (Shanghai, China). Enhanced chemiluminescent (ECL) solution was obtained from KeyGen Biotech (Nanjing, China).

Cell culture and treatments

HUVECs were provided by the Experimental Animal Center of Sun Yat-sen University (Guangzhou, China). HUVECs were grown in DMEM medium containing 10% FBS and incubated in a 37°C atmosphere with 5% CO2 and 95% relative humidity.

To create high glucose conditions, HUVECs were cultured using DMEM medium containing normal glucose concentration (5.5 mM) for 12 h and then cultured in medium with high glucose concentration (40 mM) for 24 h as previously described (Chen et al., 2018). Cells in control groups were cultured in a medium with 5.5 mM glucose for 24 h. To assess whether exogenous Ang-(1-7) confers a protective effect against damages induced by elevated glucose levels, HUVECs were exposed to 40 mM glucose (high glucose, HG) in the absence or presence of Ang-(1-7) for 24 h. To explore whether the NF-κB-IL-1β or HO-1 pathway contributed to the protective effects of Ang-(1-7), HUVECs were cultured in HG, 2 μM Ang-(1-7), 40 μM SnPP, 20 μM SnPP, 100 μM PDTC, or 20 ng/mL IL-1Ra.

Western blot analysis

Mechanical HUVECs harvesting was performed using a cell scraper, and then cells were lysed with cell lysis buffer at 4°C for 30 min after the indicated treatments. Nuclear and cytoplasmic proteins were separated by using NE-PER™ Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific, Cleveland, OH, USA). Protein quantitation was performed using the BCA protein assay kit. Loading buffer was added into the cytosolic extracts to increase the density of the sample and boiled for 5 min. Protein separation was performed by loading 30 mg protein from each sample in a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto polyvinylidene difluoride (PVDF) membranes. Once the transfer was finished, the PVDF membranes (Millipore, Burlington, MA, USA) were blocked, using fresh TBS-T (0.1% Tween20 in Tris-buffered saline) blocking buffer containing non-fat dry milk (5%) at room temperature (RT) for 60 min. After the blocking step, primary antibody solutions were prepared by diluting them to the recommended concentrations in newly prepared TBS-T containing 3% free-fat milk as follows: p-p65 (1:1000 dilution) antibody, t-p65 (1:1000 dilution) antibody, HO-1 (1:1000 dilution) antibody, Bax (1:1000 dilution) antibody, Bcl-2 (1:1000 dilution) antibody, cleaved caspase-3 (1:1000 dilution) antibody, iNOS (1:1000 dilution) antibody, COX-2 (1:1000 dilution) antibody, VCAM-1 (1:1000 dilution) antibody and ICAM-1 (1:1000 dilution) antibody, GAPDH (1:1000 dilution) antibody and Histone H3 (1:1000 dilution) antibody. The membranes were incubated with their primary antibody solution overnight at 4°C with gentle agitation. PVDF membranes were washed with TBS-T for 15 min to remove any unbound primary antibody. Incubation with the diluted horseradish peroxidase (HRP)-conjugated secondary antibody (Kangchen Biotech, Shanghai, China) at a concentration of 1:3000 in TBS-T containing 3% fat-free milk was performed at RT for 90 min. Subsequently, the PVDF membranes were rinsed thrice for 5 min each with TBS-T. The detection of proteins was performed using the ECL detection system. Finally, the intensity of bands was analyzed by Image J 1.47i software for protein quantification. The experiment was repeated thrice.

Measurement of cell viability

CCK-8 assay was performed to measure cell viability. Approximately 5 × 103 HUVECs were seeded into 96-well plates. 100 μL of CCK8 solution purchased from Dojindo Molecular Technologies (Rockville, MD, USA) were added to each well of the plate before being incubated for 24, 48, 72, and 96 h, respectively. The optical density (OD) at 450 nm was measured utilizing a microplate reader (Molecular Devices, Sunnyvale, CA, USA). The percentage of the viable cells was calculated according to the following formula: (OD treatment group/OD control group) × 100%. The cell viability assay was repeated five times. The intra- and inter-assay coefficients of variation (CVs) were 3.4% and 4.2%, respectively.

Measurement of intracellular ROS production

Intracellular ROS production was assessed via the oxidation of cell-permeable DCFH-DA to the highly fluorescent DCF. HUVECs were grown in glass slides with DMEM medium. The slides were washed two times with phosphate-buffered saline (PBS) prior to incubation in a serum-free medium containing 10 µmol/L of DCFH-DA solution at 37°C for 30 min. Next, cells were rinsed five times with PBS before measuring DCF fluorescence over the entire field of view using a fluorescence microscope connecting to the BX50-FLA imaging system (Olympus, Tokyo, Japan). Mean fluorescence intensity (MFI) was determined from 5 random fields using Image J 1.47i software (NIH Image, Bethesda, MD, USA). The results obtained served as an index of intracellular ROS levels. The experiment was repeated five times. The intra- and inter-assay CVs were 2.9% and 3.6%, respectively.

Superoxide dismutase (SOD) activity assay

The qualitative determination of SOD enzymatic activity was tested by the SOD assay kit. HUVECs were rinsed with PBS before being lysed with ice-cold lysis buffer [0.1 M Tris/HCl (pH 7.4)] with 5 mmol/L β-mercaptoethanol, 0.5% Triton and 0.1 mg/mL phenylmethylsulfonyl fluoride. Subsequently, lysate clearance was performed by centrifugation (14,000 × g, 5 min), and the supernatant was collected. Superoxide dismutase activity was assessed using the ‘SOD Assay Kit’ in accordance with the manufacturer’s instructions (Sigma, USA). This was followed by reading the absorbance values (optical density (OD) at 450 nm in a microplate reader. The experiment was repeated thrice. The intra- and inter-assay CVs were 1.2% and 2.4%, respectively.

ELISA detection of IL-1β and TNF-α in culture supernatants

An ELISA test was performed to measure the IL-1β and TNF-α levels from culture media of HUVECs cultured in 96-well plates. The assay was conducted following the manufacturer’s instructions. The experiments were carried out five times. The intra- and inter-assay CVs were 2.6% and 3.3%, respectively.

Determination of intracellular glutathione (GSH)

1 × 106 HUVECs were plated in a 10 cm-dish (Corning Inc., Corning, NY, USA) and cultured 24 h prior to treatments. Then cells were first collected and deproteinized using 5% 5-sulfosalicylic acid solution. Assessment of intracellular glutathione levels was done using the Glutathione Assay Kit from Sigma-Aldrich in accordance with the manufacturer’s protocol. The experiment was repeated thrice. The intra- and inter-assay CVs were 1.5% and 3.1%, respectively.

Statistical analysis

All data from the present study are shown as the mean ± standard error of the mean (SEM). SPSS 13.0 software (SPSS, Chicago, IL, USA) was utilized to determine any difference statistically significant among the groups by conducting a one-way analysis of variance (ANOVA) followed by LSD post hoc comparison test. If a P-value was less than 0.05, it was regarded as statistically significant.

Results

High glucose activates NF-κB pathway and increases NF-κB transcription factor translocation into the nucleus in HUVECs

As can be seen in Figs. 1a and 1b, when HUVECs were exposed to high glucose concentrations (40 mM) for different times (3, 6, 12, and 24 h), they exhibited a significant increase of NF-κB p65 subunit phosphorylation levels while the expression level of total (t) p65 NF-κB remained unaltered. Meantime, p65 phosphorylation did not vary with time in low glucose conditions (5.5 mM) (Suppl. Figs. S1a and S1b). Additionally, our data revealed decreased expression levels of cytoplasmic (t) p65 (Figs. 1c and 1d). Conversely, an increase of nuclear (t) p65 levels was observed (Figs. 1e and 1f). Besides, 40 mM mannitol used for the osmotic control of high glucose did not affect the expression and translocation of NF-κB in HUVECs (Figs. 1a–1f). These results indicate that HG promotes NF-κB translocation into the nucleus and, therefore, activation of the NF-κB pathway in HUVECs.
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Figure 1: High glucose activates the NF-κB pathway and increases NF-κB transcription factor translocation into the nucleus in HUVECs.
HUVECs were grown in a medium containing high glucose levels (40 mM) for a given period of time (3, 6, 12 and 24 h) in order to evaluate the effects of HG on NF-ΚB p65 phosphorylation. Cytoplasm and nuclear extracts were extracted. (a, c and f) Expression levels of p-p65 and t-p65 were analyzed by Western blot. (b, d and f) Densitometric analysis of western blots for p65 expression levels was performed with ImageJ 1.47i software. Results are the mean ± SEM (N = 3). **P < 0.01 vs. control group. CTL, control; MAN, mannitol; Cyto, cytoplasm; Nuc, nuclear; p, phosphorylated; t, total.

Ang-(1-7) inhibits HG-induced NF-κB signaling activation and translocation of NF-κB into the nucleus in HUVECs

When HUVECs were previously treated with 2 μM Ang-(1-7) for 30 min before high-glucose exposure (40 mM), HG-increased p-p65 levels were significantly inhibited (Figs. 2a and 2b). Moreover, Ang-(1-7) treatment led to an increase in the cytoplasmic (t) p65 levels (Figs. 2c and 2d), whereas it decreased the nuclear (t)p65 levels in HUVECs (Figs. 2e and 2f). The above data suggest that Ang-(1-7) suppresses the activation of the NF-κB pathway and nuclear translocation of NF-κB transcription factor induced under hyperglycemia conditions in HUVECs.

[image: images]

Figure 2: Ang-(1-7) inhibits HG-induced NF-κB signaling activation and translocation of NF-κB into the nucleus in HUVECs.
HUVECs were exposed to high glucose concentrations (40 mM) for 24 h treated either with 2 μM Ang-(1-7) or not for 30 min prior to exposure to HG. Cytoplasmic and nuclear extracts were obtained. (a, c and e) Endogenous expression of NF-κB p65 was assessed by Western blot. (b, d and f) Quantitative analysis of Western blot data in a, c and e was performed by densitometric analysis using ImageJ 1.47 I software. Results are the mean ± SE (N = 3). **P < 0.01 vs. control group; ‡P < 0.01 vs. HG-treated group. Ang-(1-7), Angiotensin-(1-7); CTL, control; HG, high glucose; t, total; Nuc, nuclear; Cyto, cytoplasm; p, phosphorylated.

Ang-(1-7) enhances HG-increased HO-1 levels in HUVECs

As can be seen from Figs. 3a and 3b, when HUVECs were exposed to 40 mM glucose for different intervals of time (3, 6, 12, and 24 h), the expression level of HO-1 was markedly up-regulated. In addition, a 30-min pretreatment with 2 μM Ang-(1-7) before exposure to 40 mM glucose markedly further enhanced HO-1 expression in HUVECs (Figs. 3c and 3d).
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Figure 3: Ang-(1-7) enhances HG-increased HO-1 levels in HUVECs. (a and b) HUVECs were cultured in a medium containing high glucose concentration (40 mM) for specified times (3, 6, 12 and 24 h, respectively). (c and d) HUVECs were cultured in high glucose levels (40 mM) for 24 h with or without being previously treated with increasing concentrations of Ang-(1-7) corresponding to 0.5, 1, and 2 μM, respectively, for 30 min. (a–d) HO-1 expression levels were measured by Western blot assay. Data are the mean ± SEM (N = 3). **P < 0.01 vs. control group; ‡P < 0.01 vs. HG-treated group. CTL, control; HG, high glucose; Ang-(1-7), Angiotensin-(1-7); HO-1, heme oxygenase-1.

Ang-(1-7) and PDTC suppress hyperglycemia-induced cytotoxicity in HUVECs

As seen in Fig. 4a, HG significantly decreased cell viability, whereas 40 mM mannitol had no effect on HUVEC viability (Suppl. Fig. S2). In addition, HG markedly increased levels of apoptotic proteins (Bax and cleaved caspase-3) and decreased Bcl-2 expression to induce cell apoptosis (Figs. 4b and 4c). By contrast, different concentrations (0.5, 1, and 2 μM) of Ang-(1-7) treatments of HUVECs exposure to HG obviously mitigated the HG-induced cytotoxicity index. Our previous research has indicated that 100 μM PDTC (inhibits NF-κB signaling) suppresses high glucose-induced injuries in cultured cardiomyocytes. Similarly, 100 μM PDTC treatment of HUVECs cultured with HG notably blocked HG-induced cytotoxicity index (Figs. 4d–4f).
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Figure 4: Ang-(1-7) and PDTC suppress hyperglycemia-induced cytotoxicity in HUVECs.
(a, b and c) HUVECs were grown in high glucose concentrations (40 mM) for 24 h with or without being previously treated with increasing concentrations of Ang-(1-7) corresponding to 0.5, 1, and 2 μM, respectively, for 30 min. (d, e, and f) HUVECs were grown in high glucose concentrations (40 mM) for 24 h with or without being previously treated 100 μM PDTC for 30 min. (a and d) Cell viability was evaluated using the CCK-8. (b and e) Expression levels of pro-apoptotic proteins: Bax, cleaved caspase-3 and Bcl-2, evaluated by Western blot analysis. (c and f) Densitometric analysis of Western blots from b and e. Data are the mean ± SEM (N = 3). **P < 0.01 vs. control group; ‡P < 0.01 vs. HG-treated group. CTL, control; HG, high glucose; Ang-(1-7), Angiotensin-(1-7); PDTC, pyrrolidine dithiocarbamate.

SnPP promotes HG-induced cytotoxicity and partly blocks the cardioprotective effects of Ang-(1-7) in HUVECs

Because Ang-(1-7) enhances HG-increased HO-1 levels, we further identified the role of HO-1 in a parallel treatment with Ang-(1-7). Under high glucose culture conditions and different concentrations (10, 20, and 40 μM) of SnPP (an inhibitor of HO-1 pathway), there was enhanced HG-decreased cell viability (Fig. 5a). Our preceding data showed that culturing HUVECs with high glucose media containing 2 μM Ang-(1-7) reduced HG-decreased cell viability as well as HG-induced cell apoptosis (Figs. 5b–5d). However, if HUVEC cultures are treated with high glucose, Ang-(1-7) and SnPP, it partly blocks the above effects of Ang-(1-7) (Figs. 5b–5d). These results suggest that HO-1 is involved in cardioprotection of Ang-(1-7) for HUVECs cultured with HG.
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Figure 5: SnPP promotes HG-induced cytotoxicity and partly blocks the cardioprotective effects of Ang-(1-7) in HUVECs.
(a) HUVECs were grown in high glucose concentrations (40 mM) for 24 h with or without being previously treated with increasing concentrations of SnPP (10, 20 and 40 μM, respectively) for 30 min. (b, c, and d) HUVECs were cultured in high glucose concentrations (40 mM) for 24 h with or without being previously treated with the stated concentrations of Ang-(1-7) or SnPP, 2 µM or 40 μM, respectively, for 30 min. (a and b) Cell viability was evaluated using the CCK-8. (c) Expression levels of pro-apoptotic proteins: Bax, cleaved caspase-3 and Bcl-2, evaluated by Western blot analysis. (d) Densitometric analysis of Western blot from c. Results are the mean ± SEM (N = 3). **P < 0.01 vs. control group; ‡P < 0.01 vs. the HG treated group; §P < 0.01 vs. the HG + Ang-(1-7) treated group. CTL, control; HG, high glucose; Ang-(1-7), Angiotensin-(1-7).

Ang-(1-7) and PDTC counteract HG-induced oxidative stress in HUVECs

Results revealed that HUVECs grown under HG culture conditions significantly increased in oxidative stress elicited by an enhanced ROS production and decrease in the activation of SOD and GSH (Figs. 6a–6f). However, HG-induced oxidative stress was alleviated by Ang-(1-7) or PDTC (Figs. 6a–6f). Furthermore, treatment of HUVECs alone with Ang-(1-7) or PDTC did not alter oxidative stress (Figs. 6a–6f).
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Figure 6: Ang-(1-7) and PDTC counteract HG-induced oxidative stress in HUVECs.
(a, b and c) HUVECs were cultured in high glucose concentrations (40 mM) for 24 h pre-treated either with 2 μM Ang-(1-7) or not for 30 min. (d, e and f) HUVECs were exposed to high glucose concentrations (40 mM) for 24 h with or without being previously treated with PDTC (100 μM) for 30 min. (a and d) Levels of intracellular ROS were measured by DCFH-DA staining and followed by photofluorography. (a–f and d–f) Mean fluorescence intensity (MFI) of DCFH-DA calculated by Image J 1.47i software for quantitative analysis. Results are the mean ± SEM (N = 3). **P < 0.01 vs. control group; ‡P < 0.01 vs. the HG-treated group. CTL, control; HG, high glucose; Ang-(1-7), Angiotensin-(1-7); PDTC, pyrrolidine dithiocarbamate.

SnPP enhances HG-induced oxidative stress and partly blocks the anti-oxidation effect of Ang-(1-7) in HUVECs

Conversely to Ang-(1-7) or PDTC treatment, the treatment of HUVECs with HG and 40 μmol/L SnPP further promoted HG-induced oxidative stress (Figs. 7a–7c). Our preceding data showed that culturing HUVECs with high glucose media containing 2 μmol/L Ang-(1-7) eased HG-induced oxidative stress, which seems to indicate that Ang-(1-7) exerts an antioxidant effect on HUVECs (Figs. 7a–7c). However, this effect was, in part, blocked by SnPP (Figs. 7a–7c).
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Figure 7: SnPP enhances HG-induced oxidative stress and partly blocks the anti-oxidation effect of Ang-(1-7) in HUVECs. HUVECs were exposed to high glucose concentrations (40 mM) for 24 h treated either with 2 µM Ang-(1-7) or 40 μM SnPP for 30 min, respectively. (a) Levels of intracellular ROS were assessed by DCFH-DA staining followed by photofluorography. (a–h) Mean fluorescence intensity (MFI) of DCFH-DA calculated by Image J 1.47i software. (b and c) SOD enzymatic activity and GSH conversion were assessed by ELISA. Results are the mean ± SEM (N = 3). **P < 0.01 vs. control group; ‡P < 0.01 vs. the HG-treated group. §P < 0.01 vs. the HG + Ang-(1-7) treated group. CTL, control; HG, high glucose; Ang-(1-7), Angiotensin-(1-7); SnPP, Sn-protoporphyrin IX.

Ang-(1-7) and PDTC suppress HG-induced inflammation, along with expression levels of VCAM-1 and ICAM-1 in HUVECs

As can be seen from Fig. 8, HG dramatically upregulated pro-inflammatory cytokines (IL-1β and TNF-α), enzymes (iNOS and COX-2), VCAM-1 and ICAM-1 (Figs. 8a–8f). On the contrary, the above index was inhibited by Ang-(1-7) or PDTC (Figs. 8a–8f). Moreover, Ang-(1-7) or PDTC did not alter the above profile in HUVECs cultured in normal conditions (Figs. 8a–8f).
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Figure 8: Ang-(1-7) and PDTC suppress HG-induced inflammation, along with expression levels of VCAM-1 and ICAM-1 in HUVECs.
(a and b) HUVECs were grown in high glucose concentrations (40 mM) for 24 h and then treated either with 2 µM Ang-(1-7) or not for 30 min. (c and d) HUVECs were exposed to high glucose concentrations (40 mM) for 24 h and then treated either with 100 μM PDTC or not for 30 min. (e and f) HUVECs were exposed to high glucose concentrations (40 mM) for 24 h with or without being treated with 2 μM Ang-(1-7) or 100 μM PDTC for 30 min. Levels of IL-1β (a and c) and TNF-α (b and d) in cell supernatants were assessed by enzyme-linked immunosorbent assay (ELISA). (e) Expression levels of iNOS, COX-2, VCAM-1, and ICAM-1, measured by Western blot assay. (f) Densitometric analysis from the Western blot of e. Results are the mean ± SEM (N = 3). **P < 0.01 vs. control group; ‡P < 0.01 vs. the HG-treated group. CTL, control; HG, high glucose; Ang-(1-7), Angiotensin-(1-7); PDTC, pyrrolidine dithiocarbamate.

SnPP increases HG-induced inflammation and partly blocks the anti-inflammation of Ang-(1-7) in HUVECs

Contrarily to Ang-(1-7) or PDTC treatment, treatment of HUVECs with HG plus SnPP ulteriorly upregulated pro-inflammatory cytokines expression (IL-1β and TNF-α), enzymes (iNOS and COX-2), VCAM-1 and ICAM-1 (Figs. 9a–9d). However, no increase was observed in levels of VCAM-1, ICAM-1, or pro-inflammatory cytokines and enzymes when HUVECs were cultured in normal glucose medium containing SnPP (Figs. 9a–9d).
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Figure 9: SnPP increases HG-induced inflammation and partly blocks the anti-inflammation effect of Ang-(1-7) in HUVECs.
(a–d) HUVECs were cultured in high glucose concentrations (40 mM) for 24 h with or without being treated with 2 µM Ang-(1-7) or 40 μM SnPP for 30 min, respectively. Levels of IL-1β (a) and TNF-α (b) in cell supernatants were assessed by enzyme-linked immunosorbent assay (ELISA). (c) Expression levels of iNOS, COX-2, VCAM-1, and ICAM-1 were measured by Western blot assay. (d) Densitometric analysis from the Western blot of c. Results are the mean ± SEM (N = 3). **P < 0.01 vs. the control group; ‡P < 0.01 vs. the HG-treated group. §P < 0.01 vs. the HG + Ang-(1-7) treated group. CTL, control; HG, high glucose; Ang-(1-7), Angiotensin-(1-7); SnPP, Sn-protoporphyrin IX.

IL-1Ra inhibits HG-induced oxidative stress and cytotoxicity in HUVECs

The above data showed that hyperglycemia triggered cytotoxicity and overproduction of ROS in HUVECs. However, the oxidative stress and cytotoxicity were attenuated by IL-1Ra (an inhibitor of IL-1β receptor) (Figs. 10a and 10b). These data suggest that HG may induce oxidative stress and cytotoxicity by regulating the inflammation process in HUVECs.

[image: images]

Figure 10: IL-1Ra inhibits HG-induced oxidative stress and cytotoxicity in HUVECs.
(a and b) HUVECs were cultured in high glucose concentrations (40 mM) for 24 h and then treated either with 20 ng/mL IL-1Ra or not for 30 min. (a) Cell viability was assessed using the CCK-8. (b) Levels of intracellular ROS were evaluated by DCFH-DA staining and followed by photofluorography. (b-e) Mean fluorescence intensity (MFI) of DCFH-DA calculated by Image J 1.47i software. Results are the mean ± SEM (N = 3). CTL, control; HG, high glucose; IL-1Ra, Interleukin-1 receptor antagonist.

Discussion

This study revealed several novel findings related to the possible mechanisms by which high glucose levels trigger an increase of ROS production and inflammation and the protective role that Ang-(1-7) exerts against endothelial dysfunction caused by hyperglycemia in HUVECs. First, in HUVECs, the NF-κB-IL-1β signaling pathway was activated in response to the oxidative stress and inflammation caused by high glucose levels. Second, there was an up-regulation of the HO-1 signaling pathway to exert a protective effect against the oxidative stress and inflammation caused by high glucose concentrations. Third, Ang-(1-7) seemed to have a protective effect on HG-induced oxidative stress and inflammation. Last, Ang-(1-7) exerted its protective effects through the activation and inhibition of the HO-1 pathway and NF-κB-IL-1, respectively.

Our results suggest that exposure of HUVECs to HG increases oxidative stress and inflammation, which were consistent with previous researches (Guan et al., 2014; He et al., 2015b; Wang et al., 2015; Zhang et al., 2015b; Zhu et al., 2015). These data suggest that the injury made by HG-induced ROS production and inflammation was strongly associated with endothelial dysfunction. However, the underlying mechanism is still undefined.

NF-κB is an initiation factor of oxidative stress and inflammation in HG-induced HUVECs. Generally, NF-κB is located at the cytoplasm and activated by the stimulus. Under stimulation, NF-κB is activated from its stable complex and transfers to the nucleus from the cytoplasm. This activated process allows NF-κB (p65) to bind to the promoter of target genes. In the present study, our data found that p-p65 NF-κB was up-regulated and activated to be translocated into the nucleus. These results indicate that the NF-κB signaling pathway is activated under high glucose concentrations in HUVECs. Our data was supported by other studies (Williams et al., 2012; You et al., 2016). Early research has found that the NF-κB pathway serves as a pivotal mediator in hyperglycemia-induced endothelial cell oxidative stress (Chu et al., 2017) and inflammation (Fratantonio et al., 2017). Our findings suggested that inhibition of the NF-κB pathway in HUVECs, when cultured in the presence of PDTC and HG, distinctly suppressed HG-elicited apoptosis, oxidative stress, and inflammation. These findings suggest that the activation of the NFκB pathway is implicated in HG-induced dysfunction in HUVECs. Some previous researches have shown that the NF-κB-IL-1β pathway mediates inflammation (Li et al., 2015a; Li et al., 2014; Li et al., 2015b; Liu et al., 2014). However, whether the NF-κB-IL-1β pathway mediates HG-induced dysfunction in HUVECs is unknown. We conducted further investigations to validate this hypothesis and found that: (1) PDTC significantly inhibited HG-induced IL-1β; (2) PDTC suppressed HG-induced cell cytotoxicity, oxidative stress, and inflammation; and (3) IL-1Ra mitigated HG-decreased cell viability and HG-increased ROS. These results demonstrated that IL-1β acts as a downstream molecule in the NF-κB pathway in HUVECs under hyperglycemia conditions and the NF-κB-IL-1β pathway orchestrates the HG-elicited endothelial dysfunction in HUVECs.

However, some research has suggested that hyperglycemic conditions alone are not able to induce NF-κB activation in vascular cells. For example, Lafuente et al. (2008) suggested that high glucose enhances a pre-existing inflammatory response rather than the direct activator of NF-κB and subsequent inflammation in diabetes (Lafuente et al., 2008). Moreover, Peiro et al. (2017) found that excess glucose uptake occurred following activation with the NF-κB-IL-1β pathway in human vascular cells (Peiro et al., 2017). Thus, high glucose may not a direct cause of vascular endothelial injury but only enhance this injury through NF-κB-mediated inflammation.

Evidence has determined the endothelial protection of HO-1. Hypoxia can boost HO-1 expression in endothelial cells (Lin et al., 2017), which efficiently ameliorates various stimulus-induced endothelial dysfunction (He et al., 2015b; Lai et al., 2015; Lin et al., 2017; Zhao et al., 2016b; Zhong and Tang, 2016). More recently, studies suggest that HO-1 exerts protective effects in the hyperglycemia-treated endothelial cells (He et al., 2015b; Zhong and Tang, 2016). However, the potential relationship between the HG-induced endothelial dysfunction and HO-1 was still not completely clear. Upregulation of HO-1 provides protection against HG-induced oxidative stress in endothelial cells (He et al., 2015b). Consistent with the early findings (Tian et al., 2014; Zhong and Tang, 2016), our results demonstrated that HG time-dependently enhanced HO-1 expression level in HUVECs. To further investigate the role of HO-1 in hyperglycemia-elicited injury, HUVECs were cultured in HG medium added with SnPP. Our results showed that when HUVECs are treated with SnPP in high glucose levels, cytotoxicity, oxidative stress, and inflammation are significantly exacerbated. These results suggested that HG-induced HUVECs injuries are associated with the HO-1 pathway.

Another novel finding in this study revealed the existence of a relationship between the inhibition of the NF-κB-IL-1β signaling pathway, the activation of the HO-1 pathway, and the protective effects of exogenous Ang-(1-7) against endothelial oxidative stress and inflammation caused by high glucose. As a newly discovered RAS family member and anti-mediator of Ang-II, Ang-(1-7) executes anti-inflammatory, anti-oxidation, anti-apoptotic effects (Lin et al., 2016; Meneses et al., 2015; Zhang et al., 2016a). In the past few years, more attention was given to the protective effects of Ang-(1-7) on DM-related cardiovascular damages. As reported, Ang-(1-7) exerts a protective effect on DM-related cardiovascular events (Benter et al., 2007; Yousif et al., 2012). Additionally, a recent study has indicated that the Ang-(1-7)-mediated signaling pathway has a protective role in the endothelial function via suppressing oxidative stress in diabetic mice (Zhang et al., 2015b). As a matter of fact, Ang-(1-7) is strongly associated with hyperglycemia-induced endothelial dysfunction. Nonetheless, the potential role of endogenous Ang (1-7) in maintaining endothelial function in diabetic patients is still poorly understood. It has been communicated that Ang-(1-7) can impede the activation of NF-κB in HUVECs (Liang et al., 2015) and IL-1β in vascular diseases (Jin et al., 2012). HO-1 pathway has also been described for taking part in Ang II-derived ROS during angiogenesis in human late endothelial progenitor cells (Zhu et al., 2015), and this research showed the involvement of NF-κB-IL-1β and HO-1 pathways in the oxidative stress and inflammation induced by hyperglycemia in HUVECs, which impelled us to further examine the functions of these two pathways in the endothelial protective effect that exogenous Ang-(1-7) exerts in the context of oxidative stress and inflammation produced by high glucose. In agreement with earlier research (Benter et al., 2007; Yousif et al., 2012; Zhang et al., 2015b), our results showed that exogenous Ang-(1-7) confers protection against the HG-induced oxidative stress and inflammation, leading to increased cell viability, SOD and GSH activity, and decreased cell apoptosis, ROS generation, and inflammation. Importantly, exogenous Ang-(1-7) markedly blocked HG-induced p-p65, IL-1β, and HO-1. In order to explore the function of both NF-κB-IL-1β and HO-1 pathways in the cardioprotection effect of exogenous Ang-(1-7) against the HG-induced oxidative stress and inflammation, HUVECs were treated with either an inhibitor of NF-κB (PDTC) or an antagonist of IL-1β receptor (IL-1Ra) or an inhibitor of HO-1 (SnPP) before being exposed to Ang-(1-7) and HG, respectively. The findings of this study revealed that SnPP markedly reversed the endothelial protective effect of exogenous Ang-(1-7) against the oxidative stress and inflammation elicited by hyperglycemia. Ang-(1-7) impeded the activation of the NF-κB-IL-1β signaling pathway, and both PDTC and IL-1Ra significantly suppressed HG-induced oxidative stress and inflammation. These findings suggest that inhibiting NF-κB-IL-1β and activating the HO-1 pathway play important roles in the endothelial protective effects of exogenous Ang-(1-7) against the HG-induced oxidative stress and inflammation.

Conclusion

In summary, the present study gives the first evidence that NF-κB-IL-1β and HO-1 pathways contribute to the protective effects of exogenous Ang-(1-7) in endothelial cells against hyperglycemia-elicited injuries, including cytotoxicity, oxidative stress, and inflammation. Further study on animal models will probably help to understand better these two signaling pathways and their recently found roles in the pathophysiology of diabetes-associated cardiovascular complications.
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SUPPLEMENTARY FIGURES
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Supplementary Figure S1: Activation of the NF-κB pathway is not affected by low glucose in HUVECs.
HUVECs were grown in a medium containing low glucose (5.5 mM) for a given period of time (3, 6, 12 and 24 h) in order to evaluate the effects of low glucose on NF-ΚB p65 phosphorylation. Expression levels of p-p65 were analyzed by Western blot. (a) Densitometric analysis of western blots for p65 expression levels was performed with ImageJ 1.47i software (b). Results are the mean ± SEM (N = 3).
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Supplementary Figure S2: Mannitol has no effect on cytotoxicity in HUVECs.
HUVECs were grown in high glucose concentrations (40 mM) and mannitol (40 mM) for 24 h. Cell viability was evaluated using the CCK-8. Data are the mean ± SEM (N = 3). **P < 0.01 vs. control group. CTL, control; HG, high glucose; MAN, mannitol.
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