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Dexmedetomidine alleviates oxygen and glucose deprivation-induced apoptosis in mesenchymal stem cell via downregulation of MKP-1
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Abstract: Bone marrow mesenchymal stem cell (MSC)-based therapy is a novel candidate for heart repair. But ischemia-reperfusion injury leads to low viability of MSC. Dexmedetomidine (Dex) has been found to protect neurons against ischemia-reperfusion injury. It remains unknown if Dex could increase the viability of MSCs under ischemia. The present study is to observe the potential protective effect of Dex on MSCs under ischemia and its underlying mechanisms. Specific mRNAs related to myocardial ischemia in the GEO database were selected from the mRNA profiles assessed in a previous study using microarray. The most dysregulated mRNAs of the specific ones from the above study were subject to bioinformatics analysis at our laboratory. These dysregulated mRNAs possibly regulated apoptosis of cardiomyocytes and were validated in vitro for their protective effect on MSCs under ischemia. MSCs were pre-treated with Dex at 10 μM concentration for 24 h under oxygen-glucose deprivation (OGD). Flow cytometry and TUNEL assay were carried out to detect apoptosis in Dex-pretreated MSCs under OGD. The relative expressions of mitogen-activated protein kinase phosphatase 1 (MKP-1) and related genes were detected by quantitative polymerase chain reaction and western blotting. Microarray data analysis revealed that Dex regulates MAPK phosphatase activity. Dex significantly reduced in vitro apoptosis of MSCs under OGD, which suppressed the synthesis level of Beclin1 and light chain 3 proteins. Dex down-regulated MKP-1 expression and attenuated an OGD-induced change in the mitogen activated protein kinase 3 (MAPK3) signaling pathway. Dex increases the viability of MSC and improves its tolerance to OGD in association with the MKP-1 signaling pathway, thus suggesting the potential of Dex as a novel strategy for promoting MSCs efficacy under ischemia.
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Introduction

Clinical trials have shown that bone marrow mesenchymal stem cell (MSC) transplantation via intracoronary or intramyocardial injection may improve cardiac function in patients with ischemic heart disease (IHD) (Choudhury et al., 2017; Miao et al., 2017). This approach opens up a fascinating area in the treatment of IHD. However, transplanted MSCs linked to poor viability and be inflammatory in the hypoxic micro-environment in the infarct area because of hypoperfusion (Yu et al., 2017; Van Nguyen et al., 2021; Ferro et al., 2019). After 4 days of MSCs transplantation, only 0.5% of MSCs could survive in hypoxic myocardium (Mihai et al., 2019). Several pathological changes occur in the hypoxic microenvironment, such as a reduction in ATP, dysfunction of sodium-potassium channels, retention of lactic acid, and inhibition of protein synthesis on the ribosomes (Wu et al., 2018). Glucose- and oxygen-deprivation is used as an in vitro model for studying cell biology in the hypoxic microenvironment (Ryou and Mallet, 2018). Apoptosis is one of the critical cell death mechanisms in glucose- and oxygen-deprived conditions (Bachmann et al., 2020). Karpov et al. (2017) highlighted that inhibition of apoptosis in ischemic MSCs in a hypoxic microenvironment could improve the efficacy of the therapy with transplanted MSCs in patients with IHD (Karpov et al., 2017).

Mitogen-activated protein kinase (MAPK) is evolutionally conserved from yeast to mammals and is one of the critical regulators of the cell cycle and apoptosis (Whitaker and Cook, 2021). Levels of Beclin1, which was first discovered in the yeast vacuolar system, can dictate autophagy and endocytosis (Tran et al., 2021). Nuclear LC3 is a critical initiator of the autophagic process in response to external nutrient deficiencies (Huang et al., 2015). Dual-specificity phosphatase (DUSP) or nuclear-localized phosphatase, also referred to as MAPK phosphatase 1 (MKP-1), plays a key role in cell survival (Kim and Asmis, 2017). Upregulation of MKP-1 using the gain of function method could augment MSC apoptotic rate in vitro (Yang et al., 2019).

Dexmedetomidine (Dex), a highly selective alpha-2 adrenergic receptor agonist, has been widely applied in sedation and analgesia (Keating, 2015). Yang et al. (2022) reported that Dex protects cardiomyocytes against ischemia injury by inhibiting the apoptosis signaling pathway (Yang et al., 2022). In another study, Zhai et al. (2019) highlighted that Dex attenuates ischemia-induced neuronal apoptosis (Zhai et al., 2019). Dex can protect both cardiomyocytes (Chang et al., 2020) and neurons (Zheng et al., 2020) against ischemia-reperfusion injury through the inhibition of apoptosis. Based on the above findings, we hypothesize that Dex might protect MSCs against ischemia-induced cell death. Hence, the present study aimed to observe the potential of Dex as a drug and the underlying mechanisms in mitigating MSCs apoptosis during ischemia injury.

Materials and Methods

Microarray data

We screened and downloaded public microarray data from the Gene Expression Omnibus (GEO) database by the National Center for Biotechnology Information for both the Dex and control groups under the following criteria: male rats weighing between 250 g to 350 g, ischemic rat models established by transiently ligating the left anterior descending coronary artery, and Dex administrated at 60 mL/kg/h. Our search narrowed down to the GEO series with the accession number of GSE126104, wherein differentially expressed miRNAs and mRNAs were identified using GEO2R. Five control samples and five Dex samples selected from Series GSE126104 were analyzed based on Platform GPL22440.

Data preprocessing and screening strategy

We used GEO2R to detect downregulated genes by comparing the Dex and control groups in Series GSE126104. As the cut-off criteria, parameters of p < 0.05 and |fold change | > 0 were used. Dysregulated genes were classified by the Database for Annotation, Visualization, and Integrated Discovery v6.8 according to shared data from Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG). The MAPK-related mRNAs were screened based on enriched GO terms and significant KEGG pathways.

Cell culture

Rat bone marrow mesenchymal stem cell (MSC) line was purchased from Ginkgo Biotechnology Co., Ltd. (Guangzhou, China), and the cells were seeded in 75 cm2 flasks (Corning, USA) at a density of 1 − 2 × 106 cells/mL in a medium containing 88% DMEM(1×) supplemented with GlutaMAXTM-I (Gibco, Thermo Fisher Scientific Inc., USA), 10% newborn calf serum (Gibco Thermo Fisher Scientific Inc., USA), and 1% penicillin/streptomycin (GibcoTM; Thermo Fisher Scientific Inc., USA). The cells were then incubated in an incubator (Galaxy 48R) at 37°C with 5% CO2. The flasks were washed with PBS, and the media was changed every 2–3 days.

Dex treatment and the oxygen and glucose deprivation (OGD) model

The Dex group was pre-treated with Dex (Yangtze River Pharmaceutical Group, China) at a 10 μM concentration for 24 h, as previously reported (Yu et al., 2019). Then the OGD and OGD+Dex groups were transferred into a 75 cm2 culture flask containing Roswell Park Memorial Institute (RPMI) 1640 media devoid of any sugar (Procell Life Science & Technology Co., Ltd., China) and incubated in an oxygen-free environment with 95% N2 and 5% CO2 at 37°C for 24 h as previously described (Liu et al., 2020).

Flow cytometry analysis

MSCs were collected and suspended twice with PBS before being divided into a blank group as the negative control and a positive group which was stained with Annexin V/ propidium iodide (Invitrogen eBioscienceTM Annexin V-FITC Apop Kit #BMS500FI-300). The cells were subsequently analyzed by a FACS flow cytometer (BD Biosciences).

Apoptosis detection by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay

Apoptosis in MSC cells was detected by TUNEL assay (#G1501-50 Wuhan Servicebio Technology Co., Ltd.). Media from different groups were removed, and the cells were washed with PBS. MSCs were fixed with 1% paraformaldehyde for 30 min before 50 μL of the permeabilizing working solution was added. The mixture was then left to incubate at room temperature for 20 min. An appropriate amount of terminal deoxynucleotidyl transferase enzyme, dUTP, and buffer were mixed at a 1:5:50 ratio according to the TUNEL kit protocol. Sections were observed using an OLYMPUS TH4-200 fluorescence microscope. Images were analyzed with Image-Pro Plus 6.0 software (USA).

Total RNA extraction and quantitative polymerase chain reaction (qPCR) assays

The MSCs were seeded into 24 wells at a density of 1 × 105/mL. Then the cells were preconditioned with Dex for 24 h, washed with PBS thrice and cultured in a serum- and sugar-free RPMI 1640 medium for an additional 24 h under OGD condition. Total RNA was extracted from the MSCs by spin column technology using a MolPure Cell RNA Kit (#M2010751, Yeasen Biotechnology, China) and was reverse-transcribed into cDNA using the RT First Strand cDNA Synthesis Kit for RT PCR (#LT202501, Servicebio, China). Primer sequences are shown in Table 1. The cDNA was then analyzed using 2× SYBR Green qPCR Master Mix (# MPC2011003, Servicebio, China) on a LightCycler® 96 SW 1.1 (Roche). Dusp1, hypoxia-inducible factor 1-alpha (HIF-1α), and Beclin-1 expression levels were analyzed using the 2-(ΔΔCT) method and were normalized to the beta-actin expression.
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Western blotting

The expressions of MKP-1, HIF-1α, p38, pErk1/2, Erk1/2, Beclin1, and LC3 in different groups were detected using a standard western blot assay. An equivalent amount of proteins (25 μg/μL) measured by a BCA protein kit were boiled with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer at 95°C and then subjected to 8% SDS-PAGE before being transferred onto cropped 0.22 μm PVDF membranes (Servicebio, Wuhan, China) at 200 mA for 1.5 h. After that, the membranes were incubated at 4°C for 24 h with primary antibodies against MKP-1 (1:1000, Santa Cruz Biotechnology, #sc-373841), p-ERK1/2 (1:1000, CST, #4370S), ERK1/2 (1:1000, Servicebio, #GB11560), Beclin1 (1:1000, Santa Cruz Biotechnology, #sc-48341), p38 MAPK rabbit monoclonal antibody (1:1000, Beyotime, #AF1111), HIF-1α (1:1000, Wanleibio, #L09011607), LC3 (1:1000, Servicebio, #GB11124), GAPDH (1:1000, Servicebio, #GB11002), and beta-actin (1:2000, Servicebio, #GB11001). Next, the membranes were incubated with HRP-conjugated goat anti-rabbit secondary antibody (1:2000, Servicebio, #GB23303) or anti-mouse IgG (1:2000, Servicebio, #GB23301) at room temperature for 1 h. An Enhanced Chemiluminescence Reagent Kit was used to detect proteins on the blotting membranes, and the outcomes were subsequently quantified with ImageJ (1.52 h). The expressions of MKP-1, HIF-1α, p38, p-ERK1/2, ERK1/2, Beclin1, and LC3 proteins were normalized to those of beta-actin or GAPDH.

Statistical analyses

The experiments were repeated five times. The data were analyzed using SPSS 17.0 (SPSS, Inc., Chicago, IL, USA) or the GraphPad Prism 7 software (GraphPad Software Inc., LaJolla, CA, USA) and presented as mean ± standard deviation (SD). Multiple groups were compared using the one-way analysis of variance (ANOVA) with Tukey’s post-hoc test for pairwise comparison of data. Measurement data with normal distribution were compared between two groups using the Student’s t-test. p < 0.05 was considered statistically significant.

Results

Downregulation of MKP-1 gene expression in rat ischemic heart tissue

The mRNAs of 1833 differentially expressed genes (DEGs) were selected and marked with red and blue, of which Sufu, Nr1d1, Dusp1 (MKP-1), and Tspan1 were the most significantly downregulated according to the cut-off criteria (Fig. 1A). A GO enrichment analysis showed that the most significantly downregulated genes were related to biological processes, molecular functions, and cellular components (Figs. 1B–1D). The top five results of KEGG pathways included hypertrophic cardiomyopathy, pathways in cancer, MAPK signaling pathway, arrhythmogenic right ventricular cardiomyopathy, and protein processing in the endoplasmic reticulum (Fig. 1E). Of note, GO and KEGG analyses predicted that MAPK phosphatase activity and the inhibition of MKP-1 mRNA expression might exert a cardioprotective effect in the ischemic rat model (Webster et al., 2017; Yoshikawa et al., 2019).
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Figure 1: Bioinformatic analysis of GSE126104 related to Dex treatment in ischemic heart (A) Volcano plot generated from gene expression profile of Series GSE126104 DEG screening using the R studio software version 1.3.1093. The blue color indicates the downregulation of MKP-1 by Dex when compared to ischemic heart tissue; meanwhile red color indicates the upregulation of the genes. DUSP1 (MKP-1) is a candidate gene enriched in the cellular MAPK pathway. (B) Top five biological process enrichment of mRNAs downregulated by Dex. (C) Top five molecular function enrichment of mRNAs downregulated by Dex. (D) Top five cellular component enrichment of mRNAs downregulated by Dex. (E) Top 5 KEGG pathway enrichment of mRNAs that downregulated by Dex. Dex: dexmedetomidine, DUSP1: dual-specificity phosphatase, MAPK: mitogen-activated protein kinase, MKP-1: MAPK phosphatase-1, KEGG: Kyoto Encyclopedia of Genes and Genomes.

Attenuation of apoptosis in OGD-induced MSCs

The effect of Dex on OGD-induced MSCs apoptosis was assessed using flow cytometry analysis. As presented in Figs. 2A–2C, no significant difference was observed in apoptosis rate between the control and Dex groups. The apoptosis rate was 5% in the OGD+Dex group, significantly lower than 8% in the OGD group (Fig. 2D). The significantly lower apoptosis rate in the OGD+Dex group than in the OGD group was observed by the TUNEL assay as well (p < 0.01, Figs. 2E–2G).

[image: images]

Figure 2: Flow cytometry and TUNEL-based analysis of apoptosis (n = 5 in each group). (A) The apoptosis rate of MSCs in the control group was less than 4%. (B) The apoptosis rate of MSCs after 24 h of OGD accounted to 8%, indicating incidences of cell death and apoptosis. (C) The apoptosis rate of MSCs after Dex pretreatment at 10 μM for 24 h was also less than 4%. (D) The apoptosis rate of the OGD+Dex group was less than 5%. (E) Both Annexin V and PI-positive cell populations were gated for analysis. Quantitative analysis of apoptotic cells was done by one-way ANOVA, and the results are expressed as the mean ± SD. F = 20. *p < 0.05 OGD vs. OGD+Dex. (F–G) Representative TUNEL images of MSCs (n = 5 in each group, 100×, scale bar = 100 μM). MSCs in the control group were cultured normally; MSCs in the OGD group were subjected to OGD for 24 h; MSCs in the Dex group were pretreated with Dex at a concentration of 10 μM for 1 h followed by normal culture, and MSCs in the OGD+Dex group were subjected to OGD for 24 h after pretreatment with Dex. White arrows point to apoptotic cells, while blue stains indicate the nuclei of MSCs. Dex: dexmedetomidine, DUSP1: dual-specificity phosphatase, OGD: oxygen and glucose deprivation, MAPK: mitogen-activated protein kinase, MKP-1: MAPK phosphatase-1, MSC: mesenchymal stem cells, PI: propidium iodide, TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling.

Suppression of protein synthesis upon oxygen and glucose deprivation

Results from the qPCR analysis suggested that compared with the control group, OGD significantly increased the expression of MKP-1 (Fig. 3A), while the expression of Beclin1 was markedly decreased (Fig. 3B) after MSCs were deprived of oxygen and glucose for 24 h.

Inhibition of Beclin1 protein synthesis by OGD in MSC might lead to downregulation of autophagy, and upregulation of MKP-1 expression by OGD might aggravate cell injury.
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Figure 3: Levels of Dusp1, HIF, Beclin1, and beta-actin mRNAs in MSCs under OGD. (A) Under the OGD condition, the expression of the Dusp1 mRNA was significantly increased compared with both the control and OGD+Dex groups, while the gene expression level of MKP-1 was downregulated by Dex. (B) Dex upregulated the expression level of Beclin1 under OGD conditions. (C) Dex had no influence on HIF-1α changes induced by OGD (One-way ANOVA. Results are expressed as the mean ± SD. *p < 0.05 OGD vs. OGD+Dex). Dex: dexmedetomidine, Dusp1: dual-specificity phosphatase, HIF: hypoxia-inducible factor, MSC: mesenchymal stem cells, OGD: oxygen and glucose deprivation.

Downregulation of MKP-1 and attenuation of OGD-induced changes

Western blot results revealed that when MSCs were pretreated with 10 μM of Dex for 24 h before OGD, Dex markedly increased the levels of Beclin1 and LC3 proteins, whereas Dex had no effect on HIF-1α protein level, which may be an OGD-induced change in p38 (Fig. 4). The results suggest that Dex markedly increased protein levels of Beclin1 and LC3 related to autophagy and downregulated MKP-1 related to the MAPK signaling pathway, indicating that Dex induces autophagy in MSCs under OGD to produce energy for the metabolic need of other cells. Downregulation of MKP-1 by Dex had no effect on HIF-1α and p38 MAPK activity in response to OGD-induced cell death.
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Figure 4: Upregulation of autophagy by Dex via the downregulation of MKP-1 in OGD-induced injury in MSCs. (A) Western blot images of MKP-1, p38, HIF-1α, p-ERK1/2, ERK1/2, Beclin1, LC3 A/B, GAPDH, and beta-actin in MSCs under different conditions. (B) Quantitative analysis of the ratio of MKP-1 or HIF-1α to GAPDH. The expression of MKP-1 was significantly downregulated in the Dex group compared with the control group. (C) The treatment of Dex had no effect on total ERK1/2, with focus given only to the effect of Dex on the ratio of pERK1/2 to ERK1/2. Quantitative analysis of the ratio of ERK1/2 phosphorylation to total ERK1/2 showed markedly increased phosphorylation of ERK1/2 in the Dex group, showing a significant difference compared to the OGD and the OGD+Dex groups. (D) Quantitative analysis of the ratio of Beclin1 phosphorylation to beta-actin. The Beclin1 level in MSCs was upregulated by Dex in OGD-induced apoptosis. (E) Quantitative analysis of the ratio of LC3 to beta-actin. LC3 level in MSCs was downregulated by Dex in OGD-induced apoptosis. (F) Quantitative analysis of the ratio of HIF-1α to beta-actin. The level of HIF-1α expression did not change significantly compared to that in the OGD and OGD+Dex groups. The results are expressed as the mean ± SD. *p < 0.05, *p < 0.01 Control vs. Dex, OGD vs. OGD+Dex. Dex: dexmedetomidine, Dusp1: dual-specificity phosphatase, GAPDH: glyceraldehyde 3-phosphate dehydrogenase, HIF: hypoxia-inducible factor, MAPK: mitogen-activated protein kinase, MKP-1: MAPK phosphatase-1, LC3: light chain 3, MSC: mesenchymal stem cells, OGD: oxygen and glucose deprivation.

Discussion

The focus of this study was to elucidate the potential of Dex as a drug to mitigate MSC death during stem cell transplantation. This was done by identifying dysregulated mRNAs from microarray data downloaded from GEO and determining the expression levels of MKP-1 and MAPK in rat MSCs pre-treated with Dex and kept under an OGD condition. Oxygen and glucose deprivation stimulated an ischemic insult to the in vitro transplanted MSCs. Although stem cell transplant serves as a novel therapeutic approach, the survival rate of transplanted stem cells within the ischemic myocardium was unsatisfactory, hindering its clinical application (Kim et al., 2020).

Dex has been widely used in general anesthesia and intensive care for medications targeting the α2 receptors (Lankadeva et al., 2021). The results of GEO profiling show that Dex downregulates the gene expression of MKP-1 in the ischemia-reperfusion rat heart model, which is associated with enhanced MAPK phosphatase activity (Yoshikawa et al., 2019).

Initially, Yang et al. (2019) reported that MKP-1 pathways were considered apoptosis mediators modulating cell death (Yang et al., 2019). Chang et al. (2020) revealed that Dex pre-treatment can protect the ischemic heart via the inhibition of apoptosis signaling (Chang et al., 2020). Interestingly, MKP-1 may show similar effects to a switch that controls monocyte proliferation and activation (Comalada et al., 2012). Our major finding is the downregulation of MKP-1 along with the increase in autophagy-related Beclin1 and LC3 expression due to Dex treatment. The interplay between Beclin1, LC3, and MKP-1 phosphatase may allow them to work together as agonists and antagonists in regulating cell apoptosis.

Our study revealed that OGD for 24 h suppresses protein synthesis, consistent with previous studies. One earlier study reported that Dex reduces the infarct size/volume in mouse brain and downregulates the expression of autophagy-related proteins such as LC3 and Beclin1 in the OGD model (Luo et al., 2017).

In our study, the expression of HIF-1α and p38 MAPK remained unchanged in the OGD+Dex group than in the OGD group within 24 h of OGD. The timepoint of assessment of HIF expression may have been behind the peak activity of HIF and failed to catch the HIF expression, which should be considered while planning the future study. Limitations of the present study include that autophagy flux associated with MKP-1 expression levels and function of MSCs in vivo have not been observed.

We observed that OGD-induced changes in terms of HIF-2α expression were time-dependent. Studies have earlier shown that a period of OGD within 20 h induces elevated HIF-2α expression levels, whereas an extended period of OGD for over 60 h leads to the markedly decreased expression (Andreev et al., 2015). Interestingly, the results from this study suggested otherwise: the expression of HIF-1α in MSCs was not markedly suppressed after undergoing 24 h of OGD. Understanding this molecular mechanism may pave a novel way for stem cell treatment in IHD.

Conclusions

Pretreatment of MSCs with Dex demonstrated a protective effect against OGD-induced apoptosis along with the inactivation of the MKP-1 signaling pathway in vitro and may not be associated with HIF.
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TABLE 1

Primers used in this study and their sequences

Gene name

Sequences

Duspl forward
Reverse

HIF-1 forward
Reverse

Beclinl forward
Reverse

Beta-actin forward

Reverse

5-GCGAGCACTTGAGGATTTAGG-¥
5-GGCGAAGAAGGAGCGACA-3’
5-TCGGCGAAGCAAAGAGTC-¥
5-CCATAACAAAGCCATCCAG-3
5-ACAAGTTCCAGGTCAGCC-¥
5-CAGGGACTCCAGATACGA-3’
5-AGGGAAATCGTGCGTGAC-%¥
5-TCTCCAGGGAGGAAGAGG-%
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