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Microglial activation-induced neuroinflammation is closely related to the development of sepsis-associated encephalopathy. Accumulating evidence suggests that changes in the metabolic profile of microglia is crucial for their response to inflammation. Propofol is widely used for sedation in mechanically ventilated patients with sepsis. Here, we investigate the effect of propofol on lipopolysaccharide-induced neuroinflammation, neuronal injuries, microglia metabolic reprogramming as well as the underlying molecular mechanisms. The neuroprotective effects of propofol (80 mg/kg) in vivo were measured in the lipopolysaccharide (2 mg/kg)-induced sepsis in mice through behavioral tests, Western blot analysis and immunofluorescent staining. The anti-inflammatory effects of propofol (50 μM) in microglial cell cultures under lipopolysaccharide (10 ng/ml) challenge were examined with Seahorse XF Glycolysis Stress test, ROS assay, Western blot, and immunofluorescent staining. We showed that propofol treatment reduced microglia activation and neuroinflammation, inhibited neuronal apoptosis and improved lipopolysaccharide-induced cognitive dysfunction. Propofol also attenuated lipopolysaccharide-stimulated increases of inducible nitric oxide synthase, nitric oxide, tumor necrosis factor-α, interlukin-1β and COX-2 in cultured BV-2 cells. Propofol-treated microglia showed a remarkable suppression of lipopolysaccharide-induced HIF-1α, PFKFB3, HK2 expression and along with downregulation of the ROS/PI3K/Akt/mTOR signaling pathway. Moreover, propofol attenuated the enhancement of mitochondrial respiration and glycolysis induced by lipopolysaccharide. Together, our data suggest that propofol attenuated inflammatory response by inhibiting metabolic reprogramming, at least in part, through downregulation of the ROS/PI3K/Akt/mTOR/HIF-1α signaling pathway.
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1 INTRODUCTION
Sepsis is a life-threatening organ dysfunction caused by a dysregulated host response to infection. It is estimated that the incidence of sepsis around the world is up to 50 million cases and approximately 5.3 million deaths annually (Karampela et al., 2019). Neuroinflammation and neuronal death can be heavily caused by sepsis (Gao et al., 2011; Ransohoff, 2016; Joers et al., 2017; Hickman et al., 2018); these can even be induced by a single small dose of lipopolysaccharide administration reported previously (Mai et al., 2017; Sun et al., 2019).
Microglia, as the primary innate immune cells in the central nervous system, are the central pathogeneses of neuroinflammation (Shemer et al., 2015). Following inflammatory stimuli, microglia were activated and subsequently changed morphology and released inflammatory cytokines, chemokines and reactive oxygen species (ROS) (Zhang et al., 2009; Vana, et al., 2011); all of which in turn induced neuronal injuries or death (Chhor et al., 2013). Thus, inhibition of microglia over activation has been considered to be an effective treatment of neuroinflammation-related diseases. Recent studies suggest that microglia can change their phenotype and metabolic state in response to immune challenge (Lauro et al., 2019; Macedo et al., 2019). For example, during the classic inflammatory activation process, cellular metabolism is reprogrammed from oxidative phosphorylation (OXPHOS) to aerobic glycolysis, a phenomenon known as the Warburg effect (Schuster et al., 2015; Nair et al., 2019). Pharmacologic inhibition of glycolysis blunted the M1 polarization in microglia (Bejoy et al., 2019).
Propofol is a potent intravenous hypnotic agent that is widely used for general anesthesia induction and maintenance, as well as for ICU sedation. Previous studies demonstrated that propofol has immunomodulatory and antioxidative properties. For instance, propofol was reported to reduce endotoxin-induced inflammatory responses in septic rats (Yang et al., 2018). Also, propofol was found to decrease proinflammatory cytokine and iNOS production from lipopolysaccharide-stimulated human monocytic THP-1 cells (Nie et al., 2015). We previously reported that propofol induced neuroprotection is associated with inhibiting microglia activation (Luo et al., 2013; Luo et al., 2015; Zheng et al., 2017). However, it remains to elucidate whether and how propofol affect microglial metabolic state in response to insult, e.g., lipopolysaccharide.
In the present study, we evaluated the therapeutic effects of propofol on neuroinflammation, cell injury and cognitive dysfunction associated with lipopolysaccharide induced sepsis and the underlying mechanisms in both in vivo and in vitro settings.
2 MATERIALS AND METHODS
2.1 Animals and drug administration
C57/BL6 male mice (8–12 weeks old), purchased from GemPharmatech Co. Ltd. (Guangdong, China), were housed at a temperature of 22°C ± 1°C and relative humidity 50%–60% under a 12-h/12-h light–dark cycle, with free access to food and water. The experimental protocol was compliance with Local Animal Care and Use Committee and the Guideline for the Care and Use of Laboratory Animals. Mice were intraperitoneally challanged with 2 mg/kg lipopolysaccharide (L2630, Sigma-Aldrich), dissolved and diluted in sterile normal saline. Half an hour before lipopolysaccharide administration, propofol was injected intraperitoneally at a dose of 80 mg/kg. The median effective dose (ED50) of propofol to induce loss of righting reflex is about 70 mg/kg (Nguyen et al., 2009). Under 80 mg/kg, all the experimental animals were fully sedated.
2.2 Y-maze
The spatial working memory was tested using a Y-maze (SA204, SANS, China). The Y-maze consisted of three identical beige plastic arms at 120° angle that were labeled A, B, C. Each arm was 10 cm in width, 40 cm in length, and 20 cm in height. The mice were placed individually in the far end of one arm, and their movement was monitored by a webcam and analyzed using the Any-Maze software (Stoelting, Illinois, 10 United States). and the sequence (i.e., ACABC, etc.) and number of arm entries were recorded manually for each mouse for 8 min. A mouse was considered to have entered an arm if its whole body (except for the tail) entered the arm and to have exited if the whole body exited the arm. If an animal entered three different arms on consecutive choices (i.e., ABC, CAB, or BAC but not ABA), it was counted as a spontaneous alternation performance (SAP), which is an indication of sound working memory. If an animal went from A to B and came back to B, it was considered as an alternate arm return (AAR). Any time a mouse went from arm to the center area and came back to the same arm, it was counted as the same arm return (SAR). The score of alternation was calculated using the formula: Score = [number of alternating triads/(total number of triads minus 2)] × 100% (Zhong et al., 2019). The total number of arm entries was measured as an index of locomotor activity to rule out the interference of changes in motility with the parameters of learning and memory (Mohammadi et al., 2016).
2.3 BV2 microglial cell culture and treatment
BV2 cell lines were cultured and maintained in DMEM with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin at 37°C in a humidified incubator with 5% CO2. Previous studies from our and other groups have found that propofol at concentrations between 12.5 and 200 μM dose dependently attenuates inflammatory response in lipopolysaccharide-activated microglia in vitro (Zheng et al., 2017). The blood plasma concentrations of propofol are reportedly 10–60 μM at anesthesia induction and maintenance (Murphy, et al., 1996; Adachi et al., 2005). Therefore, BV2 cells were treated with or without lipopolysaccharide (10 ng/mL), in the presence or absence of propofol (50 μM). For cellular signaling pathway study, BV2 cultures were pretreated with CoCl2 (100 μM), Kc7f2 (10 μM), Insulin (100 nM), Dimethyloxallyl Glycine (DMOG) (100 μM) or LY294002 (10 μM), respectively (Huang et al., 2016), followed by lipopolysaccharide (10 ng/mL) and/or propofol (50 μM) treatment accordingly.
2.4 Immunocytochemistry and immunohistochemistry
For in vivo experiment, 4 h after intraperitoneal injection with lipopolysaccharide and propofol, mice were sacrificed under deep anaesthesia and transcardially perfused with 0.9% saline solution, followed by 4% PFA in 0.1 M PBS. The brains were removed and immersed in 4% PFA for 24 h, and then cryoprotected in 30% sucrose solution in PBS (pH 7.4). Subsequently, serial coronal sections were then prepared using a microtome. For in vitro study, BV2 microglia cells were fixed with 4% Paraformaldehyde (PFA) for 15 min at 37°C. After fixation, slides were washed in PBS, blocked with 5% Bovine albumin and 0.5% Triton X-100 in PBS, and then incubated with primary antibodies (mouse anti-Iba-1: 1:200, NCNP24, Wako, Japan; mouse anti-NeuN: 1:200, ab104224; rabbit anti mouse PFKFB3: 1:200, ab181861; rabbit anti mouse PSD-95: 1:200; ab18258, Abcam, United States) at 4°C overnight followed by secondary antibodies (Alexa Fluor 594-labeled goat anti-mouse IgG: 1:500, ab150116 or Alexa Fluor 488-labeled goat anti-rabbit IgG: 1:500, ab150077; Abcam, United States) as appropriate. Counterstaining was then performed with DAPI (1 ug/mL). The slides were examined under a Confocal Laser Scanning Microscope (Leica, Solms, Germany).
2.5 Measurement of nitrite production
BV2 microglial cells were cultured in 96-well plates and then propofol at 50 μM concentration plus 10 ng/mL lipopolysaccharide were given for 24 h. The cell supernatants were collected and mixed with Griess reagent (Beyotime) and the nitrite production was measured with a microplate reader at an absorbance of 540 nm according to the manufacturer’s instruction.
2.6 Western blot analysis
The hippocampus or cultured cells pellet were homogenized in RIPA Lysis Buffer (Beyotime, China) containing protease inhibitor PMSF (Beyotime, China). The supernatants were collected and their protein concentrations were measured with BCA protein analysis kit (Biosharp, BL521A). Total proteins of equivalent amounts were separated in 12% SDS-PAGE and then transferred to polyvinylidene fluoride (PVDF) membranes (MILLIPORE, United States). After blocked with 5% skim milk in buffer, the membranes were incubated overnight at 4°C with the corresponding primary anti-bodies: anti-iNOS (A18247), anti-HIF-1α (A16873), anti-HK2 (A0994), anti-COX-2 (A1253), anti-β-actin (AC026) (all from Abclonal, Wuhan, China); Anti-IL-1β (ab9277), anti-PFKFB3 (ab181861) and anti-TNF-α (ab6671) (all from Abcam, Cambridge, United States); Anti-phospho-PI3K antibody (#4228), anti-PI3K antibody (#4257), anti-phospho-Akt (#4060), anti-Akt antibody (#4691), anti-phospho-mTOR (#5536), anti-mTOR (#2983) (all from Cell Signaling Technology, Trask Lane, United States). They were then incubated with horse-radish peroxidase–conjugated secondary antibodies at 25°C for 2 h. After washes with TBST, the protein bands were visulazed with chemiluminescence detection system (Tanon 5200) and analyzed by ImageJ (NIH, Bethesda, MD, United States).
2.7 Detection of intracellular ROS
Intracellular ROS was detected by means of an oxidation-sensitive fluorescent probe (DCFH-DA). After treated with lipopolysaccharide and/or propofol, the cultured cells were then washed twice with cold PBS and incubated with DCFH-DA at room temperature for 30 min in dark. Fluorescent signals were detected with a fluorescence microscopy (Leica, Solms, Germany). The fluorescence intensity of ROS level was quantified with ImageJ.
2.8 Extracellular acidification rate
BV2 cells were seeded in XFe 96-well microplates (Agilent Technologies, Sana Clara, United States) for 12 h, followed by lipopolysaccharide and/or popofol treated for a further 9 h. Cells were then washed and incubated in basal medium (Agilent Technologies) at 37°C for 45 min. Extracellular acidification rate was measured in real-time with Glycolysis Stress Test Kit (Santa Clara, CA, United States) using the Seahorse XFe96 Analyser (Agilent Technologies) following manufacturer’s instructions.
2.9 Statistical analyses
Data are expressed as means ± SD and analysed with one-way ANOVA followed by Tukey’s post hoc for statistical comparisons (Prism 6.0, GraphPad Software, United States). A statistical significance was set at the level of p less than 0.05.
3 RESULTS
3.1 Propofol reduces neuronal injury and improves cognitive recovery in septic mice
Systemic administration of lipopolysaccharide has been known to cause learning and memory defects (O'Neill et al., 2021). We examined the effect of propofol on spatial working memory function in lipopolysaccharide injected mice by the Y-maze. Compared with control mice, lipopolysaccharide treatment significantly reduced the probability of spontaneous alternating behavior (SAP). Propofol administration prevented the decline of SAP induced by lipopolysaccharide (Figure 1A). Lipopolysaccharide increased the same arm return probability (SAR), which was reversed by propofol (Figure 1B). Alternate arm return (AAR) showed no difference among the groups (Figure 1C). Moreover, the general locomotor activity, measured as the total number of arm entries, was not affected by lipopolysaccharide or propofol when compared with saline group (Figure 1D).
[image: Figure 1]FIGURE 1 | Propofol inhibits lipopolysaccharide-induced hippocampal injury and cognitive deficit in vivo. The animals were subjected to Y-maze to test spatial working memory at 24 h after Intraperitoneal injection of lipopolysaccharide. (A–D) Propofol improved SAP, and reduced SAR. SAP is defined as the percentage of triads that an animal goes into three different arms of the Y-maze in a triad entry; AAR as the percentage of an animal goes into alternative arms in a triad entry, and SAR as the percentage of an animal returns to the same arm in any consecutive entries in a triad entry. (E–H) Western blot analysis showed that propofol significant decreased the expression of active Caspase-3, PSD95 at 4 hours after intraperitoneal injection of lipopolysaccharide. (I, J) The Immunofluorescence staining (scale bar below: 25 μm) showed DAPI (blue), PSD95 (red), colocalized (merged) with NeuN (green). The data are expressed as means ± SD (n = 6-8 animals); ***p < 0.001 for comparisons as shown.
The hippocampus neuronal injury contributes to impaired cognitive and memory function (Lee et al., 2008). To determine whether propofol may affect neuronal survival, neuronal cell apoptosis was determined by caspase-3 expression in the hippocampus. Compared to the control group, the cleaved caspase-3 was increased in the lipopolysaccharide-challenged mice, which was decreased by propofol administration (Figures 1E, F). In line with caspase-3 expression, NeuN expression confirmed that propofol protected the animals from lipopolysaccharide induced neuronal cell death (Figures 1E, I, J). We next determined the postsynaptic protein PSD-95 and the presynaptic protein synaptophysin expression. The protein level of PSD-95 were significantly decreased after lipopolysaccharide treatment. While propofol attenuated lipopolysaccharide-induced downregulation of PSD-95 (Figures 1E, G, J). The synaptophysin expression did not reach statistical significance by either lipopolysaccharide or propofol treatments at the time point in our experiment (Figures 1E, H).
3.2 Propofol attenuates lipopolysaccharide-induced hippocampal inflammation in septic mice
The inflammatory response in the hippocampus was evaluated by Western blot analysis. The inflammatory markers of COX-2、IL-1β、iNOS and TNF-α expression were all increased 4 h after lipopolysaccharide challenge, and propofol significantly decreased these elevations (Figures 2A–E). Propofol administration downregulated lipopolysaccharide-induced hippocampal HIF-1α, PFKFB3 and HK2 expression (Figures 2F–I). Furthermore, fluorescence staining confirmed consistently that the amount of the glycolysis maker PFKFB3 expression in Iba-1-positive cells was increased in lipopolysaccharide challenged animal brain. Such increases were less pronounced in the propofol treated mice (Figures 2J, K).
[image: Figure 2]FIGURE 2 | Propofol attenuates lipopolysaccharide-induced hippocampal HIF-1α, glycolytic enzyme expressions and proinflammatory mediators in mice. Mice of 8–12 week old were randomly—assigned to control, propofol, lipopolysaccharide (LPS), LPS + propofol. Four hours after lipopolysaccharide intraperitoneal injection, the mice were euthanized. (A–I) Their hippocampus was harvested and assayed by Western blot for HIF-1α, HK2, PFKFB3, IL-1β, COX2, iNOS and TNF-α. (J, K) The Immunofluorescent staining (scale bar 100 μm) showed DAPI (blue), PFKFB3 (red), colocalized (merged) with Iba1–positive reactive microglial (green). Data are expressed as means ± SD (n = 6 animals); *p < 0.05,**p < 0.01; ***p < 0.001 for comparisons as shown.
3.3 Propofol decreases lipopolysaccharide-induced inflammatory mediator productions in microglial cells
To further investigate the neuroprotective mechanism of propofol against lipopolysaccharide-induced neurotoxicity, immortalized murine microglia BV-2 cells were co-incubated with propofol (50 μM) and/or lipopolysaccharide (10 ng/ml). Nitric oxide, COX-2, TNF-α, IL-1β and iNOS production were all significantly increased after lipopolysaccharide stimulation compared with the untreated controls. These upregulation of inflammatory mediators were inhibited by propofol treatment (Figures 3A–F).
[image: Figure 3]FIGURE 3 | Propofol downregulates lipopolysaccharide-stimulated production of proinflammatory mediators in microglial cells. BV2 microglial cells were treated with lipopolysaccharide (10 ng/mL) and propofol (50 μM). (A) At 24 h of treatment, the production of a nitric oxide was measured by Griess assay. (B–F) At 9 h of treatment, the expression of COX-2, TNF-α, IL-1β and iNOS was measured by Western blot. Data are means ± SD (n = 6 independent measurements); ***p < 0.001 for comparisons shown.
3.4 Propofol regulates lipopolysaccharide-induced enhancement of mitochondrial and glycolytic function in vitro
Microglial activation triggers metabolic reprogramming with increasing glucose uptake, which was accompanied by a reduction in oxidative phosphorylation and an increase in glycolysis (Gimeno-Bayón et al., 2014; Nair et al., 2019). The oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured by the Seahorse XFe96 as indicators of mitochondrial respiration and glycolysis. As shown in Figures 4A–F, ATP-linked OCR, basal OCR, FCCP-induced maximal OCR and spare respiratory capacity (SRC) were increased following exposure to lipopolysaccharide compared with controls. The glycolysis, glycolytic capacity and glycolytic reserve were also significantly increased (Figures 4G–I). Such effects of lipopolysaccharide were significantly attenuated by propofol (Figures 4A–I).
[image: Figure 4]FIGURE 4 | Propofol regulates mitochondrial and glycolytic function in microglia. BV2 microglial cells were treated with lipopolysaccharide (10 ng/mL) and propofol (50 μM) for 9 h (A–I) The dynamic changes of glycolysis and TCA cycle were measured by ECAR and OCR, respectively, using a Seahorse extracellular flux analyzer. Data are means ± SD (n = 12 independent measurements); *p < 0.05, **p < 0.01, ***p < 0.001 for comparisons shown.
3.5 HIF-1α is required for the anti-inflammatory effect of propofol
HIF-1α plays a crucial role in regulating cell metabolic reprogramming. To explore whether HIF-1α mediated metabolic reprogramming is involved in the protection afforded by propofol, HIF-1α activation in BV2 cells were stimulated by CoCl2 (100 μM) for 24 h followed by co-administration with propofol for additional 9 h. The protein level of HIF-1α, HK2 and PFKFB3 in microglia were significantly increased after CoCl2 treatment, while these up-regulations with CoCl2 were mitigated by propofol (Figures 5C–F). Similarly, CoCl2 caused accumulation of HIF-1α signal in fluorescence through inhibiting HIF-1α degradation. Such effects were less pronounced when treated with propofol (Figures 5A, B).
[image: Figure 5]FIGURE 5 | Propofol inhibits HIF-1α and glycolytic enzymes expression in CoCl2-treated microglia. BV2 cells were pretreated with 100 μM CoCl2 for 24 h and then treated with 50 μM propofol for 9 h. (A) The fluorescent micrographs of HIF-1α expression (scale bar below: 25 μm). (B) The fluorescence intensity of HIF-1 α staining qualified with ImageJ. (C–F) The expression of HIF-1α, HK2 and PFKFB3 by Western blot. Data are expressed as means ± SD (n = 3 independent measurements); **p < 0.01; ***p < 0.001 for comparisons as shown.
BV2 cells were further treated with HIF-1α inhibitor Kc7f2 (10 μM) for 24 h, and then exposed to lipopolysaccharide and propofol for 9 h. The inhibitory effect of propofol on lipopolysaccharide-induced neuroinflammation was no longer exist after downregulation of HIF-1α by Kc2f7 (Figures 6A–E). Similarly, propofol had no further effect on HIF-1α, HK2 and PFKFB3 expression when Kc7f2 was administered to BV2 cells (Figures 6F–I).
[image: Figure 6]FIGURE 6 | The inhibitory effect of propofol on microglial activation via HIF-1α-glycolysis. Six groups of randomly assigned cells were treated with medium vehicle (control), propofol, lipopolysaccharide (LPS), LPS + propofol, LPS + Kc7f2, Kc7f2. (A–I) The expression of COX-2, TNF-α, IL-1β, iNOS, HIF-1α, HK2 and PFKFB3 by Western blot. Data are expressed as means ± SD (n = 3 independent measurements); *p < 0.05; **p < 0.01; ***p < 0.001 for comparisons shown.
3.6 Propofol inhibits microglial activation through ROS/PI3K/Akt/mTOR/HIF-1α pathway
The ROS/PI3K/Akt/mTOR signaling pathway is known to play a critical regulatory role in microglial injury during hypoxia (Chen et al., 2016). Next, we examined the involvement of the ROS/PI3K/Akt/mTOR/HIF-1a pathway in propofol anti-inflamamtion in BV2 cells. As shown in Figures 7A, B, the fluorescent intensity of ROS was significantly increased in lipopolysaccharide treated cells, whereas propofol inhibits ROS production. In addition, the phosphorylation of PI3K, Akt and mTOR was significantly increased after being treated with lipopolysaccharide and these up-regulations were mitigated by propofol (Figures 7C–F).
[image: Figure 7]FIGURE 7 | Propofol regulates HIF-1α-mediated metabolic reprogramming through inhibiting ROS/PI3K/Akt/mTOR signaling pathway in microglia. (A, B) The ROS fluorescence (scale bar below: 50 μm). (C–F) The expression of PI3K, Akt and mTOR after 9 h of treatment with lipopolysaccharide (LPS) (10 ng/mL) and/or propofol (50 μM) (n = 3 independent measurements). And then BV-2 cells were pretreated with LY294002, Kc2f7, DMOG, or Insulin, followed by treatment with lipopolysaccharide or propofol for 9 h (G–N) The expression of PI3K, p-PI3K, Akt, p-Akt and HIF-1α. Data are expressed as means ± SD (n = 4 independent measurements); *p < 0.05, **p < 0.01, ***p < 0.001 for comparisons shown.
LY294002 is a typical PI3K inhibitor, and Kc2f7 is a specific HIF-1α inhibitor. To further study the upstream and downstream relationship between PI3K/Akt and HIF-1α. BV2 cells were pretreated with LY294002 or Kc2f7 followed by lipopolysaccharide for 9 h. PI3K/Akt pathway was activated by lipopolysaccharide, and LY294002 pretreatment reduced p-PI3K, p-Akt and HIF-1α protein expression. Kc2f7 pretreatment reduced the HIF-1α expression (Figures 7G–J), without affecting the expression of p-PI3K and p-Akt. In order to further explore the anti-inflammatory mechanism of propofol in microglia. Insulin was used as an agonist of PI3K and DMOG as a HIF-1α agonist. Insulin pretreatment increased the expression of p-PI3K, p-Akt and HIF-1 α. DMOG pretreatment increased the expression of HIF-1α but had no effect on the expression of p-PI3K and p-Akt. Propofol significantly reduced both insulin and DMOG induced HIF-1α expression (Figures 7K–N). Take together, these results suggested that propofol may regulate multiple targets of the ROS/PI3K/Akt/mTOR/HIF-1α signaling pathway.
4 DISCUSSION
Our data demonstrated that propofol protects against lipopolysaccharide induced microglia activation, neuroinflammation, neuronal apoptosis and cognitive dysfunction. The underlying mechanisms were associated with the reduction of neuroinflammation and metabolic reprogramming induced by lipopolysaccharide through downregulation of ROS/PI3K/Akt/mTOR/HIF-1α pathway.
Lipopolysaccharide induced systemic inflammation can trigger acutely progressing brain dysfunction and long-term cognitive impairments (Kodali et al., 2021; Savi et al., 2021). However, few studies have focused on the effect of propofol on brain inflammation during endotoxemia or sepsis. A previous study by Huang et al. showed that intravenous administration of propofol for 1 h prior to lipopolysaccharide stimulation prevented microglia activation but not the elevation of TNF-α in the hippocampus (Huang et al., 2019). In the current study, propofol (80 mg/kg, i. p.) not only inhibited lipopolysaccharide (2 mg/kg) induced inflammation in the hippocampus, but also improved cognitive performance.
Recent studies suggested that the metabolic profile changes of immune cells, including brain microglia, are important in regulating their functional activation (Park et al., 2020). In microglia cells, lipopolysaccharide stimuli resulted in an elevation in M1-related pro-inflammatory genes, decreased mitochondrial oxygen consumption (OCR), increased lactate release and extracellular acidification rate (ECAR) (Orihuela et al., 2016; Lu et al., 2022). Therefore, we investigated whether propofol affects the inflammation through the cellular metabolic pathways. We found in this study that propofol significantly inhibited real-time ECAR, an important indicator of glycolysis. The PFKFB3 and HK2 upregulations induced by lipopolysaccharide in microglia were reversed by propofol. Thus, the effects of propofol on cellular metabolic reprogramming may, at least in part, contribute to these cellular signalling anti-neuroinflammatory actions.
Propofol was reported to influence cancer cell metabolism in previous studies. For example, propofol exposure inhibited aerobic glycolysis in HT29 and SW480 colorectal cancer cells via inactivation of the NMDAR-CAMKII-ERK pathway (Chen et al., 2018). In addition, propofol suppressed cell carcinogenesis and aerobic glycolysis by decreased GLUT1 expressions in lung cancer cells (Hu et al., 2021). In line with our findings, a recent report showed that propofol suppressed aerobic glycolysis via inhibition of GLUT1-mediated glucose uptake in lipopolysaccharide-activated macrophages (Zeng et al., 2021). However, high concentrations of propofol was found to induce metabolic switch towards glycolysis and cell death in a mitochondrial electron transport chain-dependent manner (Sumi et al., 2018). It remains to investigate how propofol differently affect cellular metabolism in different cell types.
A number of mechanisms have been proposed to account for propofol anti-inflammatory effect in microglia, including downregulation of TLR4 expression (Qin et al., 2013), inactivation of GSK-3β (Gui et al., 2012), inhibition of NMDA receptor and NADPH oxidases (Luo et al., 2013) as well as suppression of miR-155 and miR-221/222 (Zheng et al., 2017; Xiao et al., 2021). Recent study reported that propofol regulated the activity of HIF-1α to reduce prostate cancer cells malignancy (Huang et al., 2014). HIF-1α, one of the key transcriptional regulators of immunity and inflammation, plays a crucial role in regulating microglial cell metabolic reprogramming (Ahn et al., 2012; Ulland et al., 2017; York et al., 2021). In this study, we found that propofol attenuated HIF-1α expression induced by CoCl2 and DMOG. The inhibitory effect of propofol on lipopolysaccharide-induced neuroinflammation was no longer exist in the presence of HIF-1α specific inhibitor Kc7f2. Moreover, PI3K/Akt/mTOR signaling pathway acts as an inducer of HIF-1α upstream effectors (Zhang et al., 2021). It has been reported that elevated reactive oxygen species can lead to the activation of PI3K, Akt and mTOR cascades (Chen et al., 2017; Urasaki et al., 2018). Our results further showed that propofol inhibited lipopolysaccharide induced ROS production as well as PI3K, Akt and mTOR phosphorylation. Propofol also significantly reduced insulin induced PI3K signaling activation and HIF-1α expression. All these suggest that ROS mediated PI3K/Akt/mTOR/HIF-1α signaling pathway may be very likely involved in the inhibitory effect of propofol on lipopolysaccharide induced metabolic reprogramming and inflammation.
There are several limitations in the current study that must be acknowledged. First, the propofol acts more as a preventive measure in our experiment design, which may not completely mimic the clinical situation. However, we have previously demonstrated that propofol exerted similar anti-inflammatory effect when it was given 1 hour before or after lipopolysaccharide treatment in microglial cells (Luo et al., 2018). Second, this study demonstrated that propofol significantly reduced lipopolysaccharide-induced elevated expression of caspase-3 in the hippocampus, which supports its potential neuroprotective capability. However, the specific cell type that accounts for increased caspase-3 expression will need to be identified in further study. Third, although we demonstrated propofol inhibited HIF-1α mediated metabolic reprogramming in lipopolysaccharide challenged mice, the involvement of PI3K-Akt-mTOR signaling pathway were not validated in primary microglia in vivo. It has been suggested that, in response to lipopolysaccharide, 90% of the genes induced in BV2 cells are also induced in primary microglia (Henn et al., 2009).
In conclusion, we demonstrated that propofol exhibits neuroprotective effects against lipopolysaccharide-induced neuronal injury via the amelioration of neuroinflammation and inhibition of microglial metabolic reprogramming. Propofol is widely used for sedation in mechanically ventilated patients with sepsis. Our finding warrants further preclinical and clinical investigations to explore the therapeutic potential of propofol in sepsis-associated encephalopathy.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by the Ethics Committee of Peking University Shenzhen Hospital.
AUTHOR CONTRIBUTIONS
SG and TL designed the study. SG carried out most of the experiments. LS, XH, and XW participated in cell culture and generation of murine model. SG performed data collection and analysis. LS supervised experiments. SG and TL wrote the manuscript. TL critically reviewed and revised the manuscript. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
This work was supported by grants from the Shenzhen Science and Technology Foundation JCYJ20190809181401666, Shenzhen Science and Technology Foundation JCYJ 20190807155005597, Natural Science Foundation of Guangdong Province 2021A1515011601, Department of Science and Technology of Guangdong Province Foreign Experts Programs. The authors thank Prof. Daqing Ma, MD, PhD, FRCA, MAE (Imperial College London) for his critical comments during manuscript preparation, and Yi Li for her technique support.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1161810/full#supplementary-material
REFERENCES
 Adachi, Y. U., Satomoto, M., Higuchi, H., and Watanabe, K. (2005). Rapid fluid infusion therapy decreases the plasma concentration of continuously infused propofol. Acta Anaesthesiol. Scand. 49 (3), 331–336. doi:10.1111/j.1399-6576.2005.00564.x
 Ahn, S. K., Hong, S., Park, Y. M., Choi, J. Y., Lee, W. T., Park, K. A., et al. (2012). Protective effects of agmatine on lipopolysaccharide-injured microglia and inducible nitric oxide synthase activity. Life Sci. 91 (25-26), 1345–1350. doi:10.1016/j.lfs.2012.10.010
 Bejoy, J., Yuan, X., Song, L., Hua, T., Jeske, R., Sart, S., et al. (2019). Genomics analysis of metabolic pathways of human stem cell-derived microglia-like cells and the integrated cortical spheroids. Stem Cells Int. 2019, 2382534–2382621. doi:10.1155/2019/2382534
 Chen, C., Wu, C., Yang, T., Chang, Y., Sheu, M., and Liu, S. H. (2016). Green tea catechin prevents Hypoxia/Reperfusion-evoked oxidative stress-regulated autophagy-activated apoptosis and cell death in microglial cells. J. Agric. Food Chem. 64 (20), 4078–4085. doi:10.1021/acs.jafc.6b01513
 Chen, L., Liu, P., Feng, X., and Ma, C. (2017). Salidroside suppressing LPS-induced myocardial injury by inhibiting ROS-mediated PI3K/Akt/mTOR pathway in vitro and in vivo. J. Cell. Mol. Med. 21 (12), 3178–3189. doi:10.1111/jcmm.12871
 Chen, X., Wu, Q., Sun, P., Zhao, Y., Zhu, M., and Miao, C. (2018). Propofol disrupts aerobic glycolysis in colorectal cancer cells via inactivation of the NMDAR-CAMKII-ERK pathway. Cell. Physiology Biochem. 46 (2), 492–504. doi:10.1159/000488617
 Chhor, V., Le Charpentier, T., Lebon, S., Oré, M., Celador, I. L., Josserand, J., et al. (2013). Characterization of phenotype markers and neuronotoxic potential of polarised primary microglia in vitro. Brain, Behav. Immun. 32, 70–85. doi:10.1016/j.bbi.2013.02.005
 Gao, H., Zhou, H., Zhang, F., Wilson, B. C., Kam, W., and Hong, J. (2011). HMGB1 acts on microglia Mac1 to mediate chronic neuroinflammation that drives progressive neurodegeneration. J. Neurosci. 31 (3), 1081–1092. doi:10.1523/JNEUROSCI.3732-10.2011
 Gimeno-Bayón, J., López-López, A., Rodríguez, M. J., and Mahy, N. (2014). Glucose pathways adaptation supports acquisition of activated microglia phenotype. J. Neurosci. Res. 92 (6), 723–731. doi:10.1002/jnr.23356
 Gui, B., Su, M., Chen, J., Jin, L., Wan, R., and Qian, Y. (2012). Neuroprotective effects of pretreatment with propofol in LPS-induced BV-2 microglia cells: Role of TLR4 and GSK-3β. Inflammation 35 (5), 1632–1640. doi:10.1007/s10753-012-9478-x
 Henn, A., Lund, S., Hedtjärn, M., Schrattenholz, A., Pörzgen, P., and Leist, M. (2009). The suitability of BV2 cells as alternative model system for primary microglia cultures or for animal experiments examining brain inflammation. ALTEX Altern. Zu Tierexp. 26 (2), 83–94. doi:10.14573/altex.2009.2.83
 Hickman, S., Izzy, S., Sen, P., Morsett, L., and El Khoury, J. (2018). Microglia in neurodegeneration. Nat. Neurosci. 21 (10), 1359–1369. doi:10.1038/s41593-018-0242-x
 Hu, C., Iwasaki, M., Liu, Z., Wang, B., Li, X., Lin, H., et al. (2021). Lung but not brain cancer cell malignancy inhibited by commonly used anesthetic propofol during surgery: Implication of reducing cancer recurrence risk. J. Adv. Res. 31, 1–12. doi:10.1016/j.jare.2020.12.007
 Huang, C., Ng, O. T., Chu, J. M., Irwin, M. G., Hu, X., Zhu, S., et al. (2019). Differential effects of propofol and dexmedetomidine on neuroinflammation induced by systemic endotoxin lipopolysaccharides in adult mice. Neurosci. Lett. 707, 134309. doi:10.1016/j.neulet.2019.134309
 Huang, H., Benzonana, L. L., Zhao, H., Watts, H. R., Perry, N. J., Bevan, C., et al. (2014). Prostate cancer cell malignancy via modulation of HIF-1α pathway with isoflurane and propofol alone and in combination. Br. J. Cancer 111 (7), 1338–1349. doi:10.1038/bjc.2014.426
 Huang, X., He, Z., Jiang, X., Hou, M., Tang, Z., Zhen, X., et al. (2016). Folic acid represses hypoxia-induced inflammation in THP-1 cells through inhibition of the PI3K/Akt/HIF-1α pathway. PloS One 11 (3), e0151553. doi:10.1371/journal.pone.0151553
 Joers, V., Tansey, M. G., Mulas, G., and Carta, A. R. (2017). Microglial phenotypes in Parkinson's disease and animal models of the disease. Prog. Neurobiol. 155, 57–75. doi:10.1016/j.pneurobio.2016.04.006
 Karampela, I., Christodoulatos, G. S., and Dalamaga, M. (2019). The role of adipose tissue and adipokines in sepsis: Inflammatory and metabolic considerations, and the obesity paradox. Curr. Obes. Rep. 8 (4), 434–457. doi:10.1007/s13679-019-00360-2
 Kodali, M. C., Chen, H., and Liao, F. (2021). Temporal unsnarling of brain’s acute neuroinflammatory transcriptional profiles reveals panendothelitis as the earliest event preceding microgliosis. Mol. Psychiatry 26 (8), 3905–3919. doi:10.1038/s41380-020-00955-5
 Lauro, C., Chece, G., Monaco, L., Antonangeli, F., Peruzzi, G., Rinaldo, S., et al. (2019). Fractalkine modulates microglia metabolism in brain ischemia. Front. Cell. Neurosci. 13, 414. doi:10.3389/fncel.2019.00414
 Lee, J. W., Lee, Y. K., Yuk, D. Y., Choi, D. Y., Ban, S. B., Oh, K. W., et al. (2008). Neuro-inflammation induced by lipopolysaccharide causes cognitive impairment through enhancement of beta-amyloid generation. J. Neuroinflammation 5 (1), 37. doi:10.1186/1742-2094-5-37
 Lu, R., Zhang, L., Wang, H., Li, M., Feng, W., and Zheng, X. (2022). Echinacoside exerts antidepressant-like effects through enhancing BDNF-CREB pathway and inhibiting neuroinflammation via regulating microglia M1/M2 polarization and JAK1/STAT3 pathway. Front. Pharmacol. 13, 993483. doi:10.3389/fphar.2022.993483
 Luo, J., Huang, B., Zhang, Z., Liu, M., and Luo, T. (2018). Delayed treatment of propofol inhibits lipopolysaccharide-induced inflammation in microglia through the PI3K/PKB pathway. Neuroreport 29 (10), 839–845. doi:10.1097/WNR.0000000000001041
 Luo, T., Qin, J., Liu, M., Luo, J., Ding, F., Wang, M., et al. (2015). Astragalus polysaccharide attenuates lipopolysaccharide-induced inflammatory responses in microglial cells: Regulation of protein kinase B and nuclear factor-κB signaling. Inflamm. Res. 64 (3-4), 205–212. doi:10.1007/s00011-015-0798-9
 Luo, T., Wu, J., Kabadi, S. V., Sabirzhanov, B., Guanciale, K., Hanscom, M., et al. (2013). Propofol limits microglial activation after experimental brain trauma through inhibition of nicotinamide adenine dinucleotide phosphate oxidase. Anesthesiol. Phila. 119 (6), 1370–1388. doi:10.1097/ALN.0000000000000020
 Macedo, F., Dos Santos, L. S., Glezer, I., and Da Cunha, F. M. (2019). Brain innate immune response in diet-induced obesity as a paradigm for metabolic influence on inflammatory signaling. Front. Neurosci. 13, 342. doi:10.3389/fnins.2019.00342
 Mai, N., Prifti, L., Rininger, A., Bazarian, H., and Halterman, M. W. (2017). Endotoxemia induces lung-brain coupling and multi-organ injury following cerebral ischemia-reperfusion. Exp. Neurol. 297, 82–91. doi:10.1016/j.expneurol.2017.07.016
 Mohammadi, F., Rahimian, R., Fakhraei, N., Rezayat, S. M., Javadi-Paydar, M., Dehpour, A. R., et al. (2016). Effect of glatiramer acetate on short-term memory impairment induced by lipopolysaccharide in male mice. Fundam. Clin. Pharmacol. 30 (4), 347–356. doi:10.1111/fcp.12202
 Murphy, P. G., Davies, M. J., Columb, M. O., and Stratford, N. (1996). Effect of propofol and thiopentone on free radical mediated oxidative stress of the erythrocyte. Br. J. Anaesth. 76 (4), 536–543. doi:10.1093/bja/76.4.536
 Nair, S., Sobotka, K. S., Joshi, P., Gressens, P., Fleiss, B., Thornton, C., et al. (2019). Lipopolysaccharide-induced alteration of mitochondrial morphology induces a metabolic shift in microglia modulating the inflammatory response in vitro and in vivo. Glia 67 (6), 1047–1061. doi:10.1002/glia.23587
 Nguyen, H. T., Li, K., Dagraca, R. L., Delphin, E., Xiong, M., and Ye, J. H. (2009). Behavior and cellular evidence for propofol-induced hypnosis involving brain glycine receptors. Anesthesiol. Phila. 110 (2), 326–332. doi:10.1097/ALN.0b013e3181942b5b
 Nie, Y., Lu, Y., and Lv, L. (2015). Effect of propofol on generation of inflammatory mediator of monocytes. Asian Pac. J. Trop. Med. 8 (11), 964–970. doi:10.1016/j.apjtm.2015.10.008
 O'Neill, E., Griffin, É. W., O'Sullivan, R., Murray, C., Ryan, L., Yssel, J., et al. (2021). Acute neuroinflammation, sickness behavior and working memory responses to acute systemic LPS challenge following noradrenergic lesion in mice. Brain, Behav. Immun. 94, 357–368. doi:10.1016/j.bbi.2020.12.002
 Orihuela, R., McPherson, C. A., and Harry, G. J. (2016). Microglial M1/M2 polarization and metabolic states. Br. J. Pharmacol. 173 (4), 649–665. doi:10.1111/bph.13139
 Park, G. G., Noh, H. H., Shao, Z. Z., Ni, P. P., Qin, Y. Y., Liu, D. D., et al. (2020). Activated microglia cause metabolic disruptions in developmental cortical interneurons that persist in interneurons from individuals with schizophrenia. Nat. Neurosci. 23 (11), 1352–1364. doi:10.1038/s41593-020-00724-1
 Qin, X., Sun, Z., Zhang, X., Dai, X., Mao, S., and Zhang, Y. (2013). TLR4 signaling is involved in the protective effect of propofol in BV2 microglia against OGD/reoxygenation. J. Physiology Biochem. 69 (4), 707–718. doi:10.1007/s13105-013-0247-6
 Ransohoff, R. M. (2016). How neuroinflammation contributes to neurodegeneration. Sci. Am. Assoc. Adv. Sci. 353 (6301), 777–783. doi:10.1126/science.aag2590
 Savi, F. F., de Oliveira, A., de Medeiros, G. F., Bozza, F. A., Michels, M., Sharshar, T., et al. (2021). What animal models can tell us about long-term cognitive dysfunction following sepsis: A systematic review. Neurosci. Biobehav. Rev. 124, 386–404. doi:10.1016/j.neubiorev.2020.12.005
 Schuster, S., Boley, D., Möller, P., Stark, H., and Kaleta, C. (2015). Mathematical models for explaining the warburg effect: A review focussed on atp and biomass production. Biochem. Soc. Trans. 43 (6), 1187–1194. doi:10.1042/BST20150153
 Shemer, A., Erny, D., Jung, S., and Prinz, M. (2015). Microglia plasticity during health and disease: An immunological perspective. Trends Immunol. 36 (10), 614–624. doi:10.1016/j.it.2015.08.003
 Sumi, C., Okamoto, A., Tanaka, H., Nishi, K., Kusunoki, M., Shoji, T., et al. (2018). Propofol induces a metabolic switch to glycolysis and cell death in a mitochondrial electron transport chain-dependent manner. PloS One 13 (2), e0192796. doi:10.1371/journal.pone.0192796
 Sun, Y., Zhao, H., Mu, D., Zhang, W., Cui, J., Wu, L., et al. (2019). Dexmedetomidine inhibits astrocyte pyroptosis and subsequently protects the brain in in vitro and in vivo models of sepsis. Cell Death Dis. 10 (3), 167. doi:10.1038/s41419-019-1416-5
 Ulland, T. K., Song, W. M., Huang, S. C., Ulrich, J. D., Sergushichev, A., Beatty, W. L., et al. (2017). TREM2 maintains microglial metabolic fitness in Alzheimer’s disease. Cell 170 (4), 649–663. doi:10.1016/j.cell.2017.07.023
 Urasaki, Y., Zhang, C., Cheng, J., and Le, T. T. (2018). Quantitative assessment of liver steatosis and affected pathways with molecular imaging and proteomic profiling. Sci. Rep. 8 (1), 3606–3610. doi:10.1038/s41598-018-22082-6
 Vana, A. C., Li, S., Ribeiro, R., Tchantchou, F., and Zhang, Y. (2011). Arachidonyl trifluoromethyl ketone ameliorates experimental autoimmune encephalomyelitis via blocking peroxynitrite formation in mouse spinal cord white matter. Exp. Neurol. 231 (1), 45–55. doi:10.1016/j.expneurol.2011.05.014
 Xiao, X., Hou, Y., Yu, W., and Qi, S. (2021). Propofol ameliorates microglia activation by targeting MicroRNA-221/222-IRF2 axis. J. Immunol. Res. 2021, 3101146–3101212. doi:10.1155/2021/3101146
 Yang, Z., Cheng, F., Yan, G., Xiong, L., and Liu, H. (2018). Propofol protects against endotoxin-induced myocardial injury by inhibiting NF-κB-mediated inflammation. Exp. Ther. Med. 15 (2), 2032–2036. doi:10.3892/etm.2017.5605
 York, E. M., Zhang, J., Choi, H. B., and MacVicar, B. A. (2021). Neuroinflammatory inhibition of synaptic long-term potentiation requires immunometabolic reprogramming of microglia. Glia 69 (3), 567–578. doi:10.1002/glia.23913
 Zeng, W., Xing, Z., Tan, M., Wu, Y., and Zhang, C. (2021). Propofol regulates activated macrophages metabolism through inhibition of ROS-mediated GLUT1 expression. Inflamm. Res. 70 (4), 473–481. doi:10.1007/s00011-021-01449-y
 Zhang, H., Liu, Y., Cheng, L., Ma, X., and Luo, X. (2021). Exendin-4 induces a novel extended effect of ischemic tolerance via crosstalk with IGF-1R. Brain Res. Bull. 169, 145–155. doi:10.1016/j.brainresbull.2020.11.008
 Zhang, P., Wong, T. A., Lokuta, K. M., Turner, D. E., Vujisic, K., and Liu, B. (2009). Microglia enhance manganese chloride-induced dopaminergic neurodegeneration: Role of free radical generation. Exp. Neurol. 217 (1), 219–230. doi:10.1016/j.expneurol.2009.02.013
 Zheng, X., Huang, H., Liu, J., Li, M., Liu, M., and Luo, T. (2017). Propofol attenuates inflammatory response in LPS-activated microglia by regulating the miR-155/SOCS1 pathway. Inflammation 41 (1), 11–19. doi:10.1007/s10753-017-0658-6
 Zhong, L., Jiang, X., Zhu, Z., Qin, H., Dinkins, M. B., Kong, J., et al. (2019). Lipid transporter Spns2 promotes microglia pro-inflammatory activation in response to amyloid-beta peptide. Glia 67 (3), 498–511. doi:10.1002/glia.23558
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Guan, Sun, Wang, Huang and Luo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-14-1161810-g005.gif





OPS/images/fphar-14-1161810-g006.gif





OPS/images/fphar-14-1161810-g003.gif
[ e B






OPS/images/fphar-14-1161810-g004.gif





OPS/images/fphar-14-1161810-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Propofol inhibits neuroinflammation and metabolic reprogramming in microglia in vitro and in vivo		1 Introduction

		2 Materials and methods		2.1 Animals and drug administration

		2.2 Y-maze

		2.3 BV2 microglial cell culture and treatment

		2.4 Immunocytochemistry and immunohistochemistry

		2.5 Measurement of nitrite production

		2.6 Western blot analysis

		2.7 Detection of intracellular ROS

		2.8 Extracellular acidification rate

		2.9 Statistical analyses





		3 Results		3.1 Propofol reduces neuronal injury and improves cognitive recovery in septic mice

		3.2 Propofol attenuates lipopolysaccharide-induced hippocampal inflammation in septic mice

		3.3 Propofol decreases lipopolysaccharide-induced inflammatory mediator productions in microglial cells

		3.4 Propofol regulates lipopolysaccharide-induced enhancement of mitochondrial and glycolytic function in vitro

		3.5 HIF-1α is required for the anti-inflammatory effect of propofol

		3.6 Propofol inhibits microglial activation through ROS/PI3K/Akt/mTOR/HIF-1α pathway





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/fphar-14-1161810-g001.gif





OPS/images/fphar-14-1161810-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





