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Protective Effects of Dexmedetomidine on the Vascular Endothelial Barrier Function by Inhibiting Mitochondrial Fission via ER/Mitochondria Contact
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The damage of vascular endothelial barrier function induced by sepsis is critical in causing multiple organ dysfunctions. Previous studies showed that dexmedetomidine (Dex) played a vital role in protecting organ functions. However, whether Dex participates in protecting vascular leakage of sepsis and the associated underlying mechanism remains unknown yet. We used cecal ligation and puncture induced septic rats and lipopolysaccharide stimulated vascular endothelial cells (VECs) to establish models in vivo and in vitro, then the protective effects of Dex on the vascular endothelial barrier function of sepsis were observed, meanwhile, related mechanisms on regulating mitochondrial fission were further studied. The results showed that Dex could significantly reduce the permeability of pulmonary veins and mesenteric vessels, increase the expression of intercellular junction proteins, enhance the transendothelial electrical resistance and decrease the transmittance of VECs, accordingly protected organ functions and prolonged survival time in septic rats. Besides, the mitochondria of VECs were excessive division after sepsis, while Dex could significantly inhibit the mitochondrial fission and protect mitochondrial function by restoring mitochondrial morphology of VECs. Furthermore, the results showed that ER-MITO contact sites of VECs were notably increased after sepsis. Nevertheless, Dex reduced ER-MITO contact sites by regulating the polymerization of actin via α2 receptors. The results also found that Dex could induce the phosphorylation of the dynamin-related protein 1 through down-regulating extracellular signal-regulated kinase1/2, thus playing a role in the regulation of mitochondrial division. In conclusion, Dex has a protective effect on the vascular endothelial barrier function of septic rats. The mechanism is mainly related to the regulation of Drp1 phosphorylation of VECs, inhibition of mitochondrial division by ER-MITO contacts, and protection of mitochondrial function.
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INTRODUCTION

Sepsis is a life-threatening organ dysfunction caused by a dysregulated host response to infection (Jawad et al., 2012; Peake et al., 2014). The damage of vascular endothelial barrier function is a critical pathophysiology process during the development of sepsis (Koh et al., 2010), which will lead to multiple organ dysfunction syndrome (MODS) with high mortality. The vascular endothelium is an important organ of the body, which constitutes the fundamental barrier between blood and tissues (Page and Liles, 2013; Zheng et al., 2020). However, there is still lack of targeted prevention and treatment of vascular leakage after sepsis. Therefore, it is of great clinical significance to look for effective measures to improve sepsis-induced vascular endothelial barrier dysfunction.

Dexmedetomidine (Dex) is a highly selective α2-adrenoceptor agonist with sedative, analgesic, and anxiolytic effects (Nelson et al., 2003). Compared with midazolam or propofol, Dex can simulate “natural sleep” without distinct respiratory depression and is suitable for critically ill patients. Previous studies showed that Dex had a crucial protective effect on the damage of many organs, such as lungs and intestines, by inhibiting inflammation and regulating oxidative stress (Sha et al., 2019). However, whether Dex could protect the vascular endothelial barrier function in sepsis and how it works remains obscure.

Dysfunction of mitochondria is a major factor contributing to organ failure, and the dysfunction degree of mitochondria is directly related to the outcome of patients (Brooks et al., 2009; Liu et al., 2012; Roy et al., 2019). Recent studies found that Dex could protect organ function by recovering mitochondrial function. For example, Dex could protect against cerebral ischemia-reperfusion injury by activating mitochondrial ATP potassium channels (Yuan et al., 2017). Additionally, basic research demonstrated that the dynamic balance of mitochondria, including mitochondrial fission and fusion, ensured mitochondrial function maintenance under physiological conditions. While pathological stimulation could induce overactive fission of mitochondria (Hall et al., 2013), which seriously impairs mitochondrial function, resulting in decreased ATP production, cellular calcium disorder, and mPTP opening. However, it is still unknown whether Dex can protect the vascular endothelial barrier function of septic rats by regulating mitochondrial fission.

Herein, we used the cecal ligation and puncture (CLP) induced septic rats and lipopolysaccharide (LPS) stimulated vascular endothelial cells (VECs) to establish models in vivo and in vitro, and explored the protective effect of Dex on the vascular endothelial barrier function of sepsis and the underlying mechanism associated with mitochondrial fission.



MATERIALS AND METHODS


Ethical Approval of the Study Protocol

All procedures were performed under the guidelines for the Care and Use of Laboratory Animals published by the US National Institutes of Health and were approved by the Laboratory Animal Welfare and Ethics Committee of the Army Medical University (No. DHEC-2012-069). Sprague-Dawley (SD) rats were purchased from the Animal Center of the Research Institute of Surgery.



Reagents

Dexmedetomidine was purchased from Hengrui (Jiangsu, China). Albumin-fluorescein isothiocyanate conjugate (FITC-BSA), Evans Blue, and Lipopolysaccharide (LPS) were purchased from Sigma (St. Louis, MO, United States). Antibodies for Drp1, ZO-1, VE-cadherin, Occludin, β-actin, ANT, and ROS Detection Kit were purchased from Abcam (Cambridge, MA, United States). Antibodies for phospho-Drp1 (Ser616 and Ser637), ERK1/2, phospho-ERK1/2 were purchased from Cell Signaling Technology (Danvers, MA, United States). Mito-Tracker and ER-Tracker were purchased from Thermo Fisher Scientific (Waltham, MA, United States). Mitochondria Isolation Kit was purchased from Invent Biotechnologies, Inc. (Beijing, CHINA). Atipamezole was purchased from MedChemExpress (Monmouth, NJ, United States). All other chemicals were purchased from Sigma unless specifically mentioned otherwise.



Animals Preparation and Sepsis Model

Adult male and female Sprague-Dawley (SD) rats (200-220 g) were anesthetized with sodium pentobarbital (45 mg/kg intraperitoneal). CLP induced the sepsis model of rats with aseptic methods as described previously (Zhu et al., 2016). Briefly, alaparotomy was performed, and then the cecum was exposed and ligated. The hole was punctured 0.7 cm from the distal end with a triangular needle (the needle was approximately 1.5 mm indiameter). Feces were allowed to flow into the abdominal cavity. After closure of the abdomen, the rats were returned to the cages and allowed food and water ad libitum.



Cell Preparation

Vascular endothelial cells were obtained from pulmonary veins of SD rats, as described previously (Zhao et al., 2020). Rats were anesthetized and sterilized with iodine, and then rats received thoracotomy. The pulmonary veins were separated from hilus pulmonis after the heart was cut off. After washed with sterile PBS for 3 times, the veins were sheared to pieces, and attached to the bottom of the culture flask with 5 mL ECM (Scicell, America; 5% fetal bovine serum) medium. 3 days later, the pieces were removed from the flask, and the cells crawling on at the bottom of the culture flask were VECs, and the 3–5 passage of VECs were used in the following study.



FITC-BSA Leakage of Mesenteric Microvessels

Rats were anesthetized, and the ileocecal portion of the mesentery was exposed and placed in a transparent stage. The mesentery was moisturized with 37°C saline throughout the whole procedure to keep it warm and moist. Then rats were injected with FITC-BSA (9 mg/kg) intravenously. 6 min after basal observation, fluorescence intensity of FITC-BSA in mesenteric microvessels was measured at 0, 1, 3, and 6 min by inverted intravital microscopy (HAMAMATSU, Japan).



Measurement of Pulmonary Vascular Permeability in Rats With FITC-BSA/Evans Blue

Rats were anesthetized, and FITC-BSA (9 mg/kg) or Evans blue (60 mg/kg) was injected through the jugular vein. The abdomen was opened along with the linea alba abdominis after 1 h of FITC-BSA (or 30 min after Evans blue) administration. The abdominal aorta was cut, and the phosphate buffer solution (PBS) was perfused through the jugular vein. The left lung’s upper lobe was dried and weighed, and PBS was added and homogenized in an ice-bath. The homogenate was transferred to a centrifuge (8,000 g, 4°C, 10 min), and the supernatant was then centrifuged again (16,000 g, 4°C, 10 min). The optical density (OD) of the supernatant was determined with a spectrophotometer [excitation wave length: 562 nm (Evans blue)]. Besides, the protein concentration of the supernatant was detected with the BCA protein assay kit (Thermo Fisher Scientific). Finally, the OD value ratio to the protein concentration was considered the pulmonary vascular permeability. Right lung tissue was embedded in Optimal Cutting Temperature compound, and frozen sections (10–20 mm thickness) were generated. The infiltration of FITC-BSA in the lung was observed by a laser confocal microscope (Leica SP5, Germany). The mean optical density was considered to reflect the infiltration of FITC-BSA in the lung. In the Evans blue group, the lung tissue was photographed with a camera (Pentax K7) before homogenization.



Transendothelial Electrical Resistance(TER) and FITC-BSA Leakage of VECs

VECs were seeded on six-well, 3 μm cell culture inserts (BD Biosciences, Franklin Lakes, NJ, United States), and TER of VECs was assessed by Voltohmmetre (World Precision Inc., America) every 30 min. The TER value measured in the non-cell chamber was regarded as blank control. The resistivity of VECs = (actual TER-blank control)/actual TER. FITC-BSA leakage of VECs was measured after TER analysis, FITC-BSA (10 μg/mL) was added into upper inserts of the transwell, and 200 μL of the medium of the lower chamber at 10, 20, 30, 40, 50, and 60 min was collected for the measurement of fluorescence intensity. An equal volume of culture medium was added into the lower chamber after medium each collection. FITC-BSA leakage (%) = (A10 + A20 + A30 + A40 + A50 + A60)/total fluorescence intensity, and Ax represented the fluorescence intensity at x min.



Transmission Electronic Microscopy Observation

Fresh pulmonary veins were quickly fixed with arsenate buffer containing 2.5% glutaraldehyde (pH = 7.4, 4°C) for 24 h. After three 5 min-wash with 0.13 M PBS, the veins were postfixed in 1% OsO4 for 2 h at room temperature and then dehydrated in a graded ethanol series (65, 70, 75, 80, and 95% for 10 min each) (Duan et al., 2020). After that, the veins were incubated with tert-butoxide for 10 min and then dried with CO2, stained with uranyl acetate, coated with gold (Au) using an ion sputter coater. Finally, samples were viewed and imaged with a transmission electron microscope (TEM) (H-7700, Hitachi Company, Japan).



Respiratory Control Ratio Detection

Fresh pulmonary veins were quickly fixed with arsenate buffer. Freshly heart, liver, kidney, and intestine tissues were put into the separation buffer (sucrose 0.25 mol/L, Na2EDTA0.1 mmol/L, Tris0.01 mol/L) for homogenization. The homogenate was centrifuged (4°C, 1,600 g, 12 min), and the supernatant was centrifuged (4°C, 25,000 g, 15 min). The precipitate was collected and resuspended in 1 mL of the separation buffer. The measuring buffer (Tris0.2 mol/L, KCl15 mmol/L, KH2PO415 mmol/L, Na2EDTA1 mmol/L, MgCl25 mmol/L, sucrose 0.25 mol/L) was heated to 30°C, and then added 0.2 mL of the mitochondrial mixture to the reaction chamber and equilibrated for 20 s, and finally added 10 μL sodium malate and 10 μL sodium glutamate and 5 μL ADP in sequence. The respiratory control ratio was measured by the mitochondrial dissolved oxygen meter (MT 200, Stranthkelvin, United Kingdom).



Mitochondrial Morphology Observation by Immunofluorescence

VECs were seeded in the confocal chamber and incubated with Mito-tracker (1:10,000) for 30 min at 37°C. Mitochondrial morphology was visualized using confocal laser scanning microscopy (Leica SP5, Germany). The length of mitochondria was analyzed by Image J software1, which contains a Mitochondrial Network Analysis (MiNA) toolset (Valente et al., 2017).



Prediction of ssKSRs With GPS

The prediction of the Drp1 phosphorylation network and site-specific kinase-substrate relations (ssKSRs) were conducted by a software package of iGPS (GPS algorithm with the interaction filter)2. Protein kinases are classified into four levels, including group, family, subfamily, and single kinase. In total, GPS contains 144 and 69 individual predictors to predict ssKSRs from primary sequences of proteins for serine/threonine kinases (STKs) and tyrosine kinases (TKs), respectively (Wang et al., 2020).



Statistical Analysis

Statistical analyses were performed using SPSS 17.0 (SPSS Inc., Chicago, IL, United States). Data are presented as means ± SD of at least three independent experiments. One-way analysis of variance and post hoc test (S-N-K/LSD) were used to analyze the difference between experimental groups. Survival time was analyzed by the median and interquartile range and Kaplan-Meier survival analyses and the log-rank test. Values of p < 0.05 were considered statistically significant.



RESULTS


Protective Effects of Dexmedetomidine on the Vascular Permeability in Septic Rats

In order to observe the effect of Dex on vascular endothelial barrier function, the permeability of lung and intestinal vascular to FITC-BSA or Evans blue following sepsis and the expression of intercellular junction proteins were measured. According to the guidelines for sepsis, after 12 h of CLP, rats received fluid resuscitation for 3 h with lactated Ringer’s solution (LR) (35 mL/kg), vasopressor (dopamine5∼10 μg/kg/min), and antibiotic (cefuroxime sodium, 100 mg/kg) as the conventional treatment (CT) (Allen et al., 2019). While rats in the Dex group received 10 μg/kg dexmedetomidine 30 min before and 12 h after CLP in addition to receiving CT, and the sepsis group had no treatment. The results showed that the pulmonary vascular permeability of septic rats was significantly increased. It appeared the vascular leakage of FITC-BSA (yellow arrows) and Evans blue were increased by 124 and 148% as compared with the sham group (P < 0.01). CT did not effectively decrease the pulmonary vascular permeability (P > 0.05), while administration of Dex could significantly alleviate the leakage. Compared with the CT group, Evans Blue exudation in the Dex group was decreased by 30% (P < 0.01) (Figure 1A), and the leakage of FITC-BSA was decreased by 34.5% (P<0.01) (Figures 1B,C).
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FIGURE 1. Protective effect of dexmedetomidine on vascular permeability of septic rats. (A) Vascular permeability of the lung, measured by the leakage of Evans Blue, n = 8. (B,C) Vascular permeability of the lung, measured by the mean optical density of intravenously injected FITC-BSA in vivo (Bar, 50 μm), n = 8. (D,E) The FITC-BSA leakage of mesentery microvessels in rats, dynamically measured by intravital microscopy in vivo (Bar, 100 μm), n = 8. (F) Western blot analysis of ZO-1, Occludin and VE-cadherin in the superior mesenteric vein of rats treated with CLP, n = 3. (G) Representative transmission electron microscope microphotographs of tight junctions of pulmonary venules (Bar, 200 nm), n = 8. EC, endothelial cell; RBC, red blood cell; TJ, tight junction; L, lumen; Sham, sham group; Sep, sepsis group; CT, conventional treatment group; Dex, dexmedetomidine group. ∗∗P < 0.01, as compared with sham group; ##P < 0.01, as compared with CT group; #P < 0.05, as compared with CT group.


To further explore the effect of Dex on vascular leakage after sepsis, the mesenteric venule branch was used as a microcirculation representative, the leakage of FITC-BSA from the mesenteric micro-vessels was directly measured through intravital microscopy. Following injecting FITC-BSA (0, 1, 3, 6 min) intravenously, the change of FITC-BSA transmittances was observed. The results showed that the endothelial barrier function of mesenteric microvessels in septic rats was significantly impaired, and the exudation of FITC-BSA was notably increased. A large amount of FITC-BSA leaked out from the blood vessel after 6 min in septic rats (P < 0.01). CT did not improve the permeability of mesenteric microvessels effectively (P > 0.05) while Dex distinctly alleviated vascular leakage and the FITC-BSA permeability decreased by 39.5% (P < 0.01) compared to the CT group (Figures 1D,E).

In general, cell connections such as tight junctions and adhesion junctions play an important role in the permeability of vascular endothelial cells. To investigate the effect of Dex on cell connections in pulmonary vascular endothelial, we observed the changes of tight junctions by the TEM. The results showed that the tight junctions between endothelial cells were closed and dense in the sham group. In the sepsis group, the vascular endothelial cells were swollen, and the tight junctions were obviously damaged, showing a state of relaxation and shedding. CT did not significantly improve the damaged tight junctions, while were restored to a close degree in the Dex group (Figure 1G). There are several key proteins participating in the regulation of vascular leakage, such as tight junction proteins (ZO-1, Occludin), and adherent junction protein (VE-cadherin). The changes of ZO-1, Occludin, and VE-cadherin were further observed. The results showed that the expressions of ZO-1, Occludin, and VE-cadherin in septic rats were distinctly reduced (P < 0.01), and CT could not effectively change the decrease of intercellular junction proteins. Following Dex administration, the expressions of ZO-1, Occludin, and VE-cadherin were evidently improved, increasing by 60.3, 41.9, and 70.6%, respectively (P < 0.01) (Figure 1F). These results indicate that Dex has a protective effect on the vascular endothelial barrier function of septic rats.



Protective Effects of Dexmedetomidine on the Permeability of VECs After Sepsis

To further investigating the effect of Dex in vitro, the permeability of VECs following LPS stimulation was measured. Cells were cultured till the confluence reached 60–70%, and then LPS (1 μg/mL) was incubated for 12 h in the sepsis group. The Dex group was incubated with 0.1 μM dexmedetomidine for 30 min before adding LPS (1 μg/mL). The results showed that the transmembrane electrical resistance (TER) of VEC decreased by 73.7% after LPS stimulation compared with the normal group. Meanwhile, the BSA leakage of VECs obviously increased (P < 0.01). Dex could notably improve the permeability of VECs. Compared with the LPS group, TER increased by 94.1%, and the BSA leakage decreased by 8.9% in VECs of the Dex group (P < 0.01) (Figures 2A,B). Next, we observed the intercellular junction proteins expressions of VECs. The immunofluorescence results revealed that the ZO-1 was distributed continuously along the vascular endothelial cell membrane in the normal group, while in the LPS group, the fluorescence intensity of ZO-1 was weakly expressed and loosely distributed with gaps (Figure 2C), and the expressions of ZO-1, VE-cadherin, and Occludin, respectively, decreased by 74.3, 74, and 83.06% as compared to the normal group (P < 0.01) (Figures 2D–G). Following Dex administration, the distribution of ZO-1 was improved with complete structure and clear boundary; simultaneously, in comparison with the LPS group, the expression of ZO-1, VE-cadherin, and Occludin were increased by 172.8, 200% (P < 0.01), and 182.3% (P < 0.05), respectively (Figures 2D–G). These results further suggest that Dex has a protective effect on the vascular endothelial barrier function of septic rats.
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FIGURE 2. The influence of dexmedetomidine on the permeability of vascular endothelial cells after sepsis. (A) Effects of dexmedetomidine on the TER (transendothelial electrical resistance) of VEC monolayers after sepsis, n = 3. (B) Effects of dexmedetomidine on the infiltration rate of FITC-BSA in monolayer VECs after sepsis, n = 3. (C) Measurement of the expression of ZO-1(green) after sepsis in VECs by immunofluorescence (Bar, 25 μm), n = 3. (D–G) Western blot analysis of ZO-1, Occludin and VE-cadherin in VECs after sepsis, n = 3. Normal: nomal group; LPS: lps group; Dex: dexmedetomidine group. ∗∗P < 0.01, as compared with normal group; ##P < 0.01, as compared with lps group; #P < 0.05, as compared with lps group.




Effects of Dexmedetomidine on Mitochondrial Fission and Mitochondrial Functions After Sepsis

Mitochondria are dynamic organelles that undergo remodeling via fusion and fission. The fine balance between these two opposing processes determines mitochondrial morphometric properties and functions. Excessive mitochondrial fission leads to mitochondrial and organ dysfunction. Whether Dex exerts a protective effect on vascular endothelial barrier function by regulating mitochondrial fission is unclear. In the present study, we examined the morphologic changes of mitochondria in pulmonary veins with a TEM and found that the number of mitochondria substantially increased, and the aspect ratio of mitochondria decreased by 69.3% after sepsis (P < 0.01). The mitochondrial morphology did not improve, remaining short and small (P > 0.05) after CT. In contrast, the mitochondrial morphology was significantly restored, and the aspect ratio increased by 47.7% in the Dex group (P < 0.01) (Figure 3A). At the cellular level, the morphological changes of mitochondria were further observed by a laser confocal microscope. Each group randomly selected 50 cells and the mitochondrial morphology was blindly scored and classified into three categories: Long (>6 μm), Middle (3–6 μm), Short (<3 μm) (Gao et al., 2017). The results showed that the mitochondria were mostly in elongated shapes under normal conditions, of which 54% were long mitochondria, 40% were medium mitochondria, and only 6% were short. However, the proportion of short mitochondria distinctly increased and reached 66% after LPS stimulation. Dex treatment could recover the long mitochondria accounted for 37% and the proportion of short reduced to 26% (Figure 3B), indicating that Dex could effectively alleviate mitochondrial fission. Since mitochondrial morphology is subject to changes in the frequency of division and fusion, we further continuously observed 10 min to record the frequency of mitochondrial divisions by confocal immunostaining, and it was found that the frequency of mitochondrial divisions increased by 121% after sepsis (P < 0.01), while compared with the LPS group, the frequency of mitochondrial divisions after Dex treatment decreased by 33.8% (P < 0.01) (Figures 3C,D).
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FIGURE 3. The effects of dexmedetomidine on mitochondrial fission and mitochondrial functions after sepsis. (A) TEM (transmission electronic microscopy) images to observe mitochondrial morphology of pulmonary venules in septic rats (Bar, 200 nm), n = 8. (B) Confocal images to observe mitochondrial morphology of VECs after sepsis (Bar, 25 μm), n = 50. (C,D) Time-lapse images of mitochondrial morphologic alternation of VECs per 15 s after sepsis by confocal immunostaining (Bar, 20 μm), n = 3. (E) Effects of dexmedetomidine on the ATP of VECs after sepsis, n = 3. (F–H) Representative confocal images of ROS(Bar, 100 μm) and △Ψm (Bar, 25 μm) after sepsis in VECs, n = 3. (I) Effects of dexmedetomidine on the respiratory control ratio in septic rats, n = 3. Sham: sham group; Sep: sepsis group; CT: conventional treatment group; Normal: nomal group; LPS: lps group; Dex: dexmedetomidine group. ∗∗P < 0.01, as compared with normal group; ##P < 0.01, as compared with lps group.


Next, we explored whether Dex can protect mitochondrial function by protecting mitochondrial morphology. Mitochondrial membrane potential (ΔΨm) is a vital part that directly affects the mitochondrial capacity, and the generation of ROS is closely related to the functional status of mitochondria. Therefore, we observed ΔΨm, ROS, and ATP production of VECs. The results showed that compared with the normal group, ΔΨm and ATP levels were significantly reduced, and the generation of ROS was increased after 12 h LPS treatment (P < 0.01). Meanwhile, ΔΨm and ATP levels in the Dex group, respectively, increased by 121.7 and 64.7%, and ROS decreased by 40% (P < 0.01) in comparison with the LPS group (Figures 3E–H). In addition to VECs, Dex also protected the mitochondrial functions of heart, liver, kidney, and intestinal mucosal epithelial cells in vivo. The respiratory control rates (RCRs) of liver, kidney, heart, and intestine tissues were distinctly reduced, and all of the reduction rates were higher than 55% (P < 0.01). RCRs were not improved significantly after CT (P > 0.05), while Dex could effectively restore the above parameters. Compared with the CT group, RCRs of liver, kidney, heart, and intestine tissues increased by 47.4, 55.8, 58.7, and 66.7%, respectively (P < 0.01) (Figure 3I). These results suggest that Dex can protect the vascular endothelial barrier function by alleviating excessive mitochondrial division and protecting mitochondrial function.



Dexmedetomidine Reduced ER-MITO Contacts via Actin Polymerization Inhibition and Thus Inhibited Mitochondrial Fission

Previous studies demonstrated (Wang et al., 2002; Wu et al., 2016; Chakrabarti et al., 2018) that endoplasmic reticulum and mitochondria (ER-MITO) contact played a vital role in mitochondrial fission by inducing mitochondrial pre-contraction before mitochondrial fission. However, whether Dex’s regulation of mitochondrial division is related to ER-MITO contact has never been shown. Firstly, we used immunofluorescence to observe the effect of Dex on ER-MITO contact. The results found that LPS stimulation induced mitochondria to split, and the ER-MITO contact sites were significantly increased with evident mitochondrial pre-constriction traces compared with the normal group. After the treatment with Dex, the number of ER-MITO contact sites and mitochondrial pre-constriction were both reduced distinctly compared with the LPS group, showing a similar trend as the inhibition of mitochondrial division (Figure 4A).
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FIGURE 4. The effects of dexmedetomidine on F-actin and ER-MITO contact of vascular endothelial cells after sepsis. (A) Representative fluorescent images of ER-MITO contact transformed with ERtracker and Mitotracker in VECs after sepsis (Bar, 5 μm), n = 3. The sites of mitochondrial fission (yellow arrows) correspond to black arrows of contact sites on the line scan. (B) Confocal images to observe the effect of dexmedetomidine on the polymerization of actin (Bar, 25 μm), n = 3. (C) Confocal images to observe mitochondria and F-actin of VECs after sepsis(Bar, 20 μm), n = 3. (D) The statistical analysis of mitochondrial morphology of VECs in different groups. Quantitation was performed in triplicate and scored into three categories: long, middle, and short mitochondria, with 50 cells scored per group. (E) The intersections of F-actin and mitochondria of VECs in different groups were calculated by Image J software. N, nomal group; LPS, lps group; Dex, dexmedetomidine group; Ati, Atipamezole group. ∗∗P < 0.01, as compared with normal group; ##P < 0.01, as compared with lps group; @@P < 0.01, as compared with dex group.


The process of actin accumulated to bundles (F-actin) and pull the endoplasmic reticulum and result in ER-MITO contact was a vital initiation step in the mitochondrial pre-constriction. To explore whether the increase in ER-MITO contact caused by Dex is related to F-actin, we further observed the effect of Dex on actin polymerization. The results showed that compared with the normal group, F-actin stress fibers increased notably after the stimulation of LPS and aggregated to form bundles (white arrows) in VECs, while Dex could inhibit actin aggregation from forming stress fibers (Figure 4B). The relationship between actin aggregation and mitochondrial division was further observed with a laser confocal microscope. The contacts between F-actin and mitochondria increased about 3–4 times after LPS stimulation as compared with the normal group (P < 0.01) (white circles). Meanwhile, short mitochondria increased from 7% in the normal group to 64% in the LPS group. In the Dex group, the contacts between F-actin and mitochondria were evidently reduced, and short mitochondria decreased to 26% (P < 0.01) (Figures 4C–E).

Since Dex is a highly selective α2 adrenergic receptor agonist, we used the targeted blocker atipamezole (Ati) to illustrate whether Dex exerted the above effects through regulating α2 receptors. 1 μM atipamezole was added to incubate the cells 10 min before adding 0.1 μM dexmedetomidine, and the results were consistent with expectations. Ati could significantly antagonize the polymerization of actin caused by Dex and the increase of ER-MITO contact sites, thereby antagonizing the protective effect of Dex on excessive mitochondrial division (Figures 4A–E). These results suggested that Dex exerted the protective role in mitochondrial function by inhibiting actin polymerization via α2 receptors activation, reducing the number of ER-MITO contact sites, and suppressing mitochondrial division.



Dexmedetomidine Phosphorylates ERK1/2-Mediated Mitochondrial Fission

Based on the pre-constriction of mitochondria caused by ER-MITO contact, Dynamin-related protein 1 (Drp1) is recruited to mitochondria and then cut mitochondria through GTPase, which is a vital link that leads to mitochondrial fission. As a member of the dynamin superfamily, Drp1 has many phosphorylation sites with various roles. The Ser 616 and Ser637 sites are critical for the translocation of Drp1 from the cytoplasm to mitochondria. Western Blotting results showed that there was no obvious difference in total expression of Drp1 after LPS stimulation compared to the normal group while the phosphorylation of Drp1 Ser616 increased by 238.3% (P < 0.01), and the phosphorylation of Ser637 decreased by 57% (P < 0.01). Moreover, the expression of Drp1 increased in mitochondria and decreased in cytoplasm significantly after sepsis (P < 0.01) (Figures 5A,B), and the Adenine nucleotide translocase (ANT) was used as a reference when detecting the change of Mito-Drp1. The confocal images indicated that the co-localization ratio between Drp1 and mitochondria distinctly increased, and the length of mitochondria shortened from 16.10 ± 5.43 μm in the normal group to 5.47 ± 2.91 μm after sepsis (P < 0.01) (Figures 5C–E). Compared with the LPS group, the phosphorylation level of Ser616 reduced by 43.5%, and the level of Ser637 increased by 61.1%. The mitochondrial translocation of Drp1 reduced, and the expression of Drp1 in cytoplasm notably increased in the Dex group (P < 0.01) (Figures 5A,B). Furthermore, the co-localization ratio reduced, and the mitochondrial length was 10.86 ± 5.91 μm in the Dex group (P < 0.01) (Figures 5C–E). We further observed the effect of Dex on mitochondrial fusion proteins and found no significant differences in the expressions of OPA1, Mfn1, and Mfn2 following Dex administration (Supplementary Figure 1). Overall, these results suggested that Dex could effectively inhibit the activation and mitochondrial translocation of Drp1, and influence the morphology and function of mitochondria.
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FIGURE 5. Dexmedetomidine regulates ERK1/2-mediated mitochondrial fission. (A) Effects of dexmedetomidine on the phosphorylation of Drp1 after sepsis in VECs detected by Western Blotting, n = 3. (B) Effects of dexmedetomidine on the mitochondrial translocation of Drp1 after sepsis in VECs, n = 3. (C,D) The co-location of Drp1 and mitochondria of VECs in each group (Bar, 25 μm), n = 3. (E) The length of mitochondria of VECs in each group. (F) Drp1 protein phosphorylation network (PPN) predicted by iGPS 1.0 software. (G) Effects of dexmedetomidine on the phosphorylation of ERK1/2 after sepsis in VECs, n = 3. (H) Effects of dexmedetomidine and ERK1/2 inhibitor on the phosphorylation of ERK1/2 after sepsis in VECs, n = 3. (I) Mitochondrial morphology in PD98059-treated VECs after sepsis (Bar, 15 μm), n = 3. (J,K) Effects of PD98059 on the TER and FITC-BSA infiltration rate of VEC monolayers after sepsis, n = 3. Normal, normal group; LPS, lps group; Dex, dexmedetomidine group. PD98059: ERK1/2 inhibitor group. ∗∗P< 0.01, as compared with normal group; ##P < 0.01, as compared with lps group.


To further explore the mechanism of Dex regulating drp1 activation, a software package in vivo GPS (iGPS 1.0) (Wang et al., 2020) was used to predict the site-specific kinase for all phosphorylation-sites of Drp1. The prediction results showed that the extracellular regulated protein kinases1/2 (ERK1/2) could significantly regulate the Ser616 site of Drp1 (Figure 5F and Table 1), and previous studies (Zhao et al., 2019; Zhang et al., 2019) also reported that ERK1/2 is an essential kinase that regulates Drp1. So the effect of ERK1/2 on Dex regulating Drp1 Ser 616 phosphorylation was further studied. The results pointed out that the phosphorylation of ERK1/2 increased by 142.4% in the LPS group (P < 0.01), and Dex could prominently reduce the ERK1/2 phosphorylation (P < 0.01) (Figure 5G). Besides, the ERK1/2 inhibitor (PD98059) (10 μM PD98059 was added to incubate the cells 10 min before adding 1 μg/mL LPS) could effectively inhibit the phosphorylation of Drp1 Ser616 (Figure 5H). Furthermore, PD98059 also could inhibit mitochondrial fission (P < 0.01) and slightly inhibit vascular leakage (P > 0.05) (Figures 5I–K). These results indicate that Dex could reduce mitochondrial division via regulating the activation and translocation of Drp1 by inhibiting the phosphorylation of ERK1/2.


TABLE 1. The prediction outcome of Drp1 ser616 and ser637 phosphorylation sites and their site-specific kinase.

[image: Table 1]


Effects of Dexmedetomidine on Survival Time, Survival Rate, and Organ Functions in Septic Rats

To evaluate whether Dex can protect organ functions and prolong the survival time of septic rats by alleviating the vascular leakage, we detected the arterial blood gas and the level of CK-MB, ALT, and Crea to reflect the degree of organ damage. We discovered that Dex could remarkably improve the functions of lung, heart, liver, and kidney in septic rats. Compared with the CT group, the pH value was significantly enhanced, and acidosis was alleviated after Dex treatment. Besides, PaO2 and PaCO2 increased by 4.49 and 3.74%, respectively (P < 0.05), while CK-MB, ALT, Crea were decreased by 13.1, 25.4, and 24.7% individually (P < 0.01) (Figures 6A–F).


[image: image]

FIGURE 6. The influence of dexmedetomidine on the survival rate, survival time and organ function of septic rats. (A–F) Statistical histogram of pH, PaO2, PaCO2, ALT, CK-MB, and Crea levels in each group, n = 8. (G) Survival rate and survival time, n = 16. (H) Effects of dexmedetomidine on the phosphorylation 616 site of Drp1 and ERK1/2 in septic rats detected by Western Blotting, n = 3. Sham, sham group; Sep, sepsis group; CT, conventional treatment group; Dex. dexmedetomidine group. ∗∗P< 0.01, as compared with sham group; ##P < 0.01, as compared with CT group; #P < 0.05, as compared with CT group.


Results showed that the 24 h survival rate of septic rats was only 6.25% (P < 0.01), and CT slightly increased the survival rate and survival time compared with the sepsis group. While Dex could significantly improve the survival rate and survival time of septic rats compared with the CT group. The 24 h survival rate was 50%, and the mean survival time was 23 ± 13.25 h in the Dex group (P < 0.01) (Figure 6G). In addition, we also verified the mechanism of Dex regulating ERK1/2 mediated Drp1 activation in vivo, and the results were consistent with those in vitro (Figure 6H). The results suggested that Dex could protect organ functions and prolong survival by inhibiting vascular leakage.



DISCUSSION

The vascular endothelial barrier dysfunction is the primary cause of sepsis-induced organ dysfunction (Armstrong et al., 2013; Vincent et al., 2013; Miranda et al., 2015; Schmidt et al., 2015). Previous studies found that dexmedetomidine protected against vital organ injury in sepsis by inhibiting inflammatory factors and reducing oxidative stress (Sun et al., 2019; Zi et al., 2019). The present study demonstrated that Dex could effectively alleviate sepsis-induced vascular leakage and vascular endothelial barrier dysfunction in septic rats, thus protect organ functions and ultimately prolong the survival rate and survival time of septic rats, which provided a novel sight for the treatment of sepsis with anesthetic drugs.

Recent studies pointed out that the protective effect of Dex on organ functions may closely related to the regulation of mitochondrial function. At present, it is believed that the main mechanisms to improve mitochondrial function are to activate the mitochondrial ATP-sensitive potassium channel and increase mitochondrial membrane potential (Yuan et al., 2017). This study showed that Dex could suppress the permeability of VECs by protecting mitochondrial morphology. After sepsis, the mitochondrial morphology of VECs is damaged, and mitochondria divided excessively, accompanying ATP production obstacles, ROS production increases, mitochondrial membrane potential, and RCR decreases. However, Dex distinctly inhibited the mitochondrial division of VECs, improved mitochondrial morphology, and protected mitochondrial function. Generally, mitochondria are mostly in elongated or thread shapes in normal condition, while the pathological stimulation lead to fragmentation, furthermore, if the stimuli continue to exist, mitochondria will divide excessively, resulting in reduced ATP production, disturbance of calcium metabolism, and finally develop into mitochondria dysfunction. Numerous studies have confirmed that mitochondrial dysfunction plays a vital role in MODS, and the dysfunction degree is directly related to the outcome of patients (Brooks et al., 2009; Eismann et al., 2009; Liu et al., 2012; Duan et al., 2020). Our study demonstrated that Dex could protect mitochondrial function by improving mitochondrial morphology.

The key links of mitochondrial fission included ER-MITO contact-induced mitochondrial pre-constriction and Drp1-related mitochondria split. Previous studies demonstrated that ER-MITO contact was a functional contact structure formed by the formation of a complex between the endoplasmic reticulum and mitochondria such as IP3R-GRP75-VDAC complex and so on (Friedman et al., 2011). Early reports revealed that the primary function of ER-MITO contact was to regulate the transfer of calcium and lipids between the endoplasmic reticulum and mitochondria. In recent years, researchers have found that ER-MITO contact could participate in various diseases by regulating mitochondrial structure (Rowland and Vorletz, 2012). The studies showed that actin polymerization could increase the formation of ER-MITO contacts (Wales et al., 2016) and promote mitochondrial fission under the effect of Myosin Light Chain Kinase (MLCK) or ROCK. In the present study, we demonstrated that actin in VECs polymerized to form stress fibers after stimulation with LPS for 12 h, which increased ER-MITO contact sites and mitochondrial fission. While Dex could inhibit the aggregation of actin and reduce ER-MITO contact sites, leading to the inhibition of mitochondrial fission. Meanwhile, we also found that atipamezole, the highly selective α2 receptor blocker, could significantly antagonize the effects of Dex, suggesting that Dex may inhibit actin polymerization of VECs after sepsis by activating α2 receptors. Furthermore, studies (Hatch et al., 2014) have found that actin polymerization can activate the ER-localized inverted formin 2 (INF2), and the activated INF2 aggregated between the mitochondria and the ER, which further increased the formation of ER-MITO contacts. However, whether Dex exerts the same modulation effect on INF2 needs further investigation. Previous studies have shown that increased intracellular Ca2+ influx can activate MLCK by mediating Ca2+/CaM-PKC and Ca2+-cGMP-PKG pathways, up-regulating MLC phosphorylation, causing actin polymerization (Dudek and Garcia, 2001; Duan et al., 2017). A study also found that Dex could reduce calcium influx by activating α2 receptors (Zhao et al., 2013). Therefore, we speculated that Dex might inhibit Ca2+ influx by activating α2 receptors and blocking Ca2+/CaM-PKC and Ca2+-cGMP -PKG pathway, thereby inhibiting actin polymerization, but the specific mechanism needs to be further studied.

Besides ER-MITO contact, Drp1 activates and translocates from the cytoplasm to the mitochondrial pre-constriction site and cleaves the mitochondria. Present study found that Dex inhibits mitochondrial division through Drp1 phosphorylation. Dex could effectively inhibit the phosphorylation of Drp1 Ser616 in VECs and reduce the translocation of Drp1 from the cytoplasm to the mitochondria. As an important mitochondrial-related protein, Drp1 is of great significance to the regulation of mitochondrial structure and function. Also, Drp1 is known as DNM1L and DLP1, which was first reported in 1997 (Shinh et al., 1997), mainly distributed in the cytoplasm in the form of polymers under physiological condition. The activated Drp1 translocates from the cytoplasm to the mitochondrial outer membrane and polymerizes to form a ring-like structure that enables mitochondrial division. Besides, our prediction of iGPS and previous studies (Jiang H. K. et al., 2014; Prieto et al., 2016) showed that the activity of Drp1 Ser616 is mainly regulated by the ERK1/2 pathway. In the present study, Dex had a significant inhibitory effect on the phosphorylation of ERK1/2 in VECs after sepsis, which is consistent with previous studies (Jiang L. et al., 2014; Qiu et al., 2020). Meanwhile, we confirmed that both Dex and ERK1/2 inhibitor (PD98059) could effectively suppress the phosphorylation of Drp1 Ser616 in VECs, and inhibit vascular leakage, indicating that Dex may regulate the activation and translocation of Drp1 by inhibiting the ERK1/2 phosphorylation pathway. As multiple phosphorylation sites of Drp1 are activated to regulate its function after sepsis, we also observed that Dex could elevate the phosphorylation level of Ser637, which can inhibit the translocation of Drp1. Whether Dex can regulate Drp1 phosphorylation of other sites and the associated mechanism needs to be further studied. The present study demonstrated that Dex alleviated mitochondrial fission for sepsis by two key steps of mitochondrial fission. The relationship between two steps of Dex-protecting mitochondrial fission needs further investigation.

Although our experiments demonstrated that Dex protected the vascular endothelial barrier function by inhibiting mitochondrial division, there are some limitations that require further investigation. First, the present study verified the protective role of Dex in septic rats, and LPS stimulated VECs, but these models cannot fully simulate the complex pathophysiological environment in the human body. It is unknown whether Dex has a consistent protective function in large animals and humans. Second, We didn’t investigate the mechanism of ERK1/2 inhibition regulated by Dex, which some studies suggest is independent of α2-adrenoceptor but related to TLR4/MyD88/MAPK/NF-κB signaling pathway (Zhang et al., 2015). The detailed mechanisms need further exploration in the future. Moreover, we demonstrated the protective effect of Dex on VECs. However, in sepsis, the vascular smooth muscle cells (VSMCs) are less responsive to vasoactive drugs. Whether Dex can improve VSMCs responsiveness to vasoactive drugs and the mechanism must be further researched.

In conclusion, the present study demonstrated that Dex has a significant protective effect on the vascular endothelial barrier function of septic rats. The mechanism is related to inhibition of mitochondrial fission and protection of mitochondrial function through regulating the phosphorylation of Drp1 and reducing ER-MITO contacts of VECs via reducing actin polymerization (Figure 7). This research provides a potential therapeutic target for the treatment of sepsis.


[image: image]

FIGURE 7. Schematic diagram of dexmedetomidine regulating mitochondrial fission pathways after sepsis. Dexmedetomidine could inhibite actin polymerization of VECs, leading to the decrease of ER-MITO contact sites. Meanwhile, it also down-regulated the phosphorylation of ERK1/2 and Drp1 ser616, leading to the decrease of the mitochondrial translocation of Drp1 after sepsis in VECs.
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