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Background: Sepsis is recognized as a multiorgan and systemic damage caused by dysregulated host response to infection. Its acute 
systemic inflammatory response highly resembles that of lipopolysaccharide (LPS)-induced endotoxemia. Propofol and dexmedeto
midine are two commonly used sedatives for mechanical ventilation in critically ill patients and have been reported to alleviate 
cognitive impairment in many diseases. In this study, we aimed to explore and compare the effects of propofol and dexmedetomidine 
on the encephalopathy induced by endotoxemia and to investigate whether ferroptosis is involved, finally providing experimental 
evidence for multi-drug combination in septic sedation.
Methods: A total of 218 C57BL/6J male mice (20–25 g, 6–8 weeks) were used. Morris water maze (MWM) tests were performed to 
evaluate whether propofol and dexmedetomidine attenuated LPS-induced cognitive deficits. Brain injury was evaluated using Nissl 
and Fluoro-Jade C (FJC) staining. Neuroinflammation was assessed by dihydroethidium (DHE) and DCFH-DA staining and by 
measuring the levels of three cytokines. The number of Iba1+ and GFAP+ cells was used to detect the activation of microglia and 
astrocytes. To explore the involvement of ferroptosis, the levels of ptgs2 and chac1; the content of iron, malondialdehyde (MDA), and 
glutathione (GSH); and the expression of ferroptosis-related proteins were investigated.
Conclusion: The single use of propofol and dexmedetomidine mitigated LPS-induced cognitive impairment, while the combination 
showed poor performance. In alleviating endotoxemic neural loss and degeneration, the united sedative group exhibited the most 
potent capability. Both propofol and dexmedetomidine inhibited neuroinflammation, while propofol’s effect was slightly weaker. All 
sedative groups reduced the neural apoptosis, inhibited the activation of microglia and astrocytes, and relieved neurologic ferroptosis. 
The combined group was most prominent in combating genetic and biochemical alterations of ferroptosis. Fpn1 may be at the core of 
endotoxemia-related ferroptosis activation.
Keywords: propofol, dexmedetomidine, endotoxemia, encephalopathy, ferroptosis

Introduction
Over 20 million patients suffer from sepsis worldwide each year, standing as a prominent contributor to fatalities within 
the Intensive Care Unit (ICU) setting.1,2 During the progression of sepsis, intense inflammatory storm provokes the 
overactivation of immune system, ultimately causing immunosuppression.3,4 Excessive cytokines can penetrate the 
blood–brain barrier and aggravate neuroinflammation and secondary neurodegeneration.5 Endotoxemia triggered by 
LPS administration can closely mimic this acute inflammatory response of sepsis.6

Ferroptosis is a form of non-apoptotic cell debris, featured by the iron-dependent peroxidation of membrane lipids.7 

Overaccumulation of iron catalyzes the production of reactive oxygen species (ROS) through Fenton reaction, facilitating 
the hydroxylation of unsaturated fatty acids (UFA). This process compromises the structure and function of the cell 
membrane, and activates ferroptosis-related lipid peroxidation.8,9 As research advances, the intricate relationship between 
ferroptosis and endotoxemia has been progressively unraveled and substantiated. The reinforcement of ferroptosis by 
ferroportin (Fpn1) knockdown enhances the atrial fibrillation (AF) vulnerability in endotoxemia rat model.10 Meanwhile, 
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resveratrol has been confirmed to protect against LPS-mediated myocardial injury through elevating miR-149, which 
inhibits ferroptosis.11

Propofol is a short-acting intravenous anesthetic that is widely used for swift induction, stable maintenance, and 
prompt recovery.12 Dexmedetomidine, a specific α2-adrenoceptor agonist, provides efficient sedation, with a slight 
analgesic effect.13 The Society of Critical Care Medicine (SCCM) recommends the use of propofol and dexmedetomi
dine during endotracheal intubation to achieve a low level of sedation.14 Compared with propofol, dexmedetomidine 
presents distinct benefits, such as anti-inflammatory properties, promotion of biomimetic sleep, and diminishment of 
acute brain dysfunction risk. However, under light sedation, dexmedetomidine and propofol showed no differential 
impact on survival outcomes or on the duration of ICU stay for mechanically ventilated adult patients with sepsis.2 

Although dexmedetomidine reduces the incidence of delirium in post-cardiac surgery patients undergoing mechanical 
ventilation, it potentiates the occurrence of bradycardia.15

Balanced general anesthesia, signifying the combination of various anesthetics during surgery, has evolved into the most 
prevalent management strategy for clinical anesthesia.16 During the perioperative period, dexmedetomidine, often utilized as 
an adjunct in propofol-dominated anesthesia, can proficiently maintain hemodynamic stability owing to its outstanding anti- 
central sympathetic effects.17 This conjoint medication is also applicable for sedation in critically ill patients. Selective 
escalation of the propofol dose with steady dexmedetomidine infusion reduces adjusted 90-day mortality, whereas higher 
concentrations of dexmedetomidine are associated with increased mortality in patients aged ≤65 years old.18 Simultaneously, 
dexmedetomidine, as the sole agent, cannot consistently attain intended sedation in all clinical scenarios, necessitating partial 
supplementation with propofol.19 So far, propofol and dexmedetomidine have been reported to participate in the pathogenesis 
of several diseases by influencing ferroptotic pathways. For instance, propofol enhances the anti-tumor effects of doxorubicin 
and paclitaxel in triple-negative breast cancer through the activation of ferroptosis.20 It can also mitigate myocardial ischemia- 
reperfusion injury (IRI) by repressing AKT/p53-related ferroptosis.12 Apart from the role in cancer and IRI, dexmedetomidine 
has also been proven to protect against sepsis-associated organ dysfunctions.21 However, research on the effects of propofol 
and dexmedetomidine on LPS-induced cognitive impairment remains limited.

To date, dexmedetomidine has been proven to alleviate neuroinflammation in sepsis-associated encephalopathy (SAE) 
mice through α2 adrenergic receptors on astrocytes22 and to improve cognitive performance in aged mice challenged with 
LPS by sustaining iron homeostasis.23 However, whether propofol owns similar effects has not been explored. 
Furthermore, whether the combination of dexmedetomidine and propofol in endotoxemia models mimics the potent 
synergy observed in perioperative anesthesia or offers distinct benefits, as seen in mechanical ventilation sedation, along 
with the potential involvement of the ferroptosis pathway, is not only intriguing but also holds remarkable value.

Materials and Methods
Animals
A cohort of 218 C57BL/6J male mice (20–25 g, 6–8 weeks) were procured from Beijing Vital River Laboratory Animal 
Technology. The animals were housed under a 12-hour light–dark cycle (lights on at 8:00 a.m. and off at 8:00 p.m.) and 
a 25°C temperature environment free of chow and water, conforming to specific pathogen-free (SPF) standards. All 
animal experimental procedures were approved by the Animal Experimental Ethics Committee of the Fudan University.

Drugs and Treatments
A moderate intraperitoneal LPS injection (5 mg/kg) was used to stir up endotoxemia.24 Propofol was procured from 
Guorui Pharmaceutical Ltd. (H20143252). LPS was purchased from Sigma-Aldrich (L2880). Dexmedetomidine was 
obtained from the Yangtze River Pharmaceutical Group (22081331).

In preliminary experiments, mice were randomly assigned to eight groups (n = 6): c (control), lps, l + p50 (lps + p50, 
propofol 50 mg/kg i.p.), l + p75 (1ps + p75, propofol 75 mg/kg i.p.), l + p100 (lps + p100, propofol 100 mg/kg i.p.), l + 
d50 (1ps + d50, dexmedetomidine 50 μg/kg i.p.), l + d75 (lps + d75, dexmedetomidine 75 μg/kg i.p.), and l + d100 (lps + 
d100, dexmedetomidine 100 μg/kg i.p.). The results showed that propofol and dexmedetomidine all had dose-dependent 
mitigation of LPS-induced neural loss and degeneration, while no significant statistical difference was observed between 
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the medium-dose and high-dose groups (p < 0.05) (Figure S1A–L). Therefore, we chose a relatively more efficient and 
lower dose of propofol (75 mg/kg i.p.) and dexmedetomidine (75 μg/kg i.p.) to reduce the adverse effects of drug 
loading. Subsequently, the mice were randomly assigned to five groups: c (control), lps, l + p (lps + p), l + d (lps + d), 
and l + p + d (lps + p + d). Propofol was diluted to 75 mg/kg with intralipid and administered 1 h before dexmede
tomidine administration. Dexmedetomidine was diluted to 75 μg/kg with saline and injected 1 h before LPS treatment. 
LPS was diluted in saline to a concentration of 5 mg/kg.

Morris Water Maze (MWM) Test
After 72 h from the LPS intervention, when the inflammatory response in the mice had nearly subsided, adaptive training 
was conducted. Mice were gently placed into water and allowed to swim freely for 60s. Subsequently, spatial navigation 
trainings were carried out. Each mouse was introduced into the water from an identical location in each of the four 
quadrants. During spatial exploration time, the platform was removed and the mice were placed in the symmetrical 
quadrant of the platform. Behavioral trajectories, first escape latency, platform crossing times, time spent in the target 
quadrant, and swim speed were recorded. All daily experiments were conducted at 8:00 p.m., with the water temperature 
maintained at 21°C and the environment kept quiet and clean.

Nissl Staining
Twenty-four hours after the final LPS administration, the mice were sacrificed to obtain the brain tissue. After 
immobilization with 4% paraformaldehyde for 24 h, the brains were dehydrated using a series of alcohol gradients 
and embedded in paraffin. Dewaxed and rehydrated slices were stained with toluidine blue at 56°C for 2.5 h followed by 
differentiation. Finally, the slices were rendered transparent in xylene and sealed with neutral gum.

Fluor-Jade C (FJC) Staining
Degenerative neurons were stained using the Fluoro-Jade C (FJC) Staining Kit (G3262, Beijing Solarbio Science & 
Technology Co., Ltd.), in accordance with the manufacturer’s guidelines. Briefly, the frozen slices underwent a 5-minute 
immersion in solution A, followed by a 2-minute transfer to 70% ethanol. After a 10-minute bleaching with solution B, 
the sections were incubated in the dark for 10 min with solution C. Treated slices were snapped using the FITC channel.

Cell Culture and Intervention
HT22 cells (a mouse hippocampal neuron cell line) purchased from Cell Bank, Shanghai, were cultured in DMEM 
(C11995500BT, Gibco) containing 10% fetal bovine serum (FBS) (F9052, UElandy) and 1% penicillin–streptomycin 
(15,140–122, Gibco) in 5% CO2 at 37°C. The cells were digested with 0.25% trypsin containing EDTA (25,200–056, 
Gibco), centrifuged at approximately 80% of the T25 culture bottle, and passaged at a ratio of 1:2. We established 
a concentration gradient to determine the median lethal dose of LPS and the optimal concentrations of propofol and 
dexmedetomidine for effectively reversing LPS-induced neuronal toxicity. The groups are as follows: c (control), l1 (1 
μg/mL LPS), l2 (2 μg/mL LPS), l5 (5 μg/mL LPS), l10 (10 μg/mL LPS), and l20 (20 μg/mL LPS); lps (20 μg/mL LPS), 
lp2 (lps + p, 2 μg/mL propofol), lp5 (lps + p, 5 μg/mL propofol), and lp10 (lps + p, 10 μg/mL propofol); ld5 (lps + d, 5 
nM dexmedetomidine), ld10 (lps + d, 10 nM dexmedetomidine), and ld20 (lps + d, 20 nM dexmedetomidine). Based on 
these results, LPS concentration was determined to be 20 μg/mL, with co-incubation concentrations of propofol at 10 μg/ 
mL and dexmedetomidine at 20 nM.

Cell Counting Kit-8 (CCK-8)
Cell viability was assessed using the CCK-8 assay. Suspended cells were seeded in 96-well plates at a density of 5000 
cells per well. After incubation with the drugs for 24 h, 10 μL CCK-8 agent with 90 μL basal medium without FBS was 
added to the cell well for 3-hour reaction. The absorbance in 450 nm wavelength was measured by an enzyme labeling 
instrument.
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Dihydroethidium (DHE) Staining
Dihydroethidium (DHE) is a fluorescent probe commonly used for the detection of ROS, especially superoxide anions. 
Frozen slices and cell crawling were shielded with 16 μM DHE (50102ES02, Yeasen) for 30 min, followed by a 10-minute 
DAPI (2 μg/mL, 40728ES03, Yeasen). Images were visualized using an ethidium homodimer-1 channel.

Immunohistochemistry (IHC) Staining
After antigen retrieval in sodium citrate solution (pH 6.0) (G1202, servicebio), the cooled paraffin slices were covered 
with 3% H2O2 in the dark to inactivate endogenous peroxidase. PBS containing 5% goat serum and 1% Triton X-100 was 
used to permeabilize the cell membrane for 1 h, followed by blocking for 1 h. The sections were then incubated with 
primary antibodies (rabbit anti-Iba1, 1:300, 10904-1-AP; Proteintech) at 4°C overnight. The secondary antibody, goat 
anti-rabbit (HRP) (1:200, A0208, Beyotime), was incubated for 1 h at room temperature. DAB chromogenic solution 
(PR30010, Proteintech) and hematoxylin were used to visualize microglia and nuclei.

DCFH-DA
DCFH-DA can freely traverse the cell membrane and is hydrolyzed by intracellular ROS, primarily hydrogen peroxide 
(H2O2), into fluorescent DCFH. Following the manufacturer’s instructions (CA1410, Solarbio), 1 mL of the DCFH-DA 
probe diluted in serum-free culture medium (1:1000) was added to each well and incubated for 20 min at 37°C. Cell 
distribution, number, and morphology were determined using bright-field microscopy, while ROS content was assessed 
using fluorescence intensity in the FITC channel.

Cell Crawling Immunofluorescence Staining
Two hundred microliters of cell suspension with approximately 100,000 cells was tiled on aseptic cover slides (24 × 24 mm) 
attached to 6-well plates, and 2 mL complete medium was added for cultivation after cell adherence for 6 h. After 24-hour 
drug incubation, the cells were fixed using 4% paraformaldehyde. The cells were then permeabilized for 20 min and 
obstructed for 30 min. Primary antibodies, including rabbit anti-CD71 (1:300, 10084-2-AP, Proteintech), rabbit anti-Fpn1 
(1:300, 26601-1-AP, Proteintech), and rabbit anti-Nrf2 (1:300, 16396-1-AP, Proteintech), were incubated overnight at 4°C. 
The treated slides were incubated with Alexa Fluor 594 IgG goat anti-rabbit (1:1000, ab150080, Abcam) for 1 h at room 
temperature. Nrf2-stained slides experienced with 100 nM phalloidin staining (40735ES75; Yeasen) before 10-minute of 
DAPI incubation.

Fluorescent Double Labeling with Laser Confocal Microscopy
After antigen retrieval, permeabilization, and blockage, the paraffin slices were incubated with rabbit anti-GFAP (1:300, 
16825-1-AP, Proteintech) and mouse anti-Neun (1:300, 66836-1-Ig, Proteintech) overnight at 4°C. Secondary antibodies, 
including Alexa Fluor 594 IgG goat anti-rabbit and multi-rAb CoraLite Plus 488-goat anti-mouse (1:1000, RGAM002, 
Proteintech), were added for 1 h at room temperature. After sealing with an anti-fluorescence quencher, scanning was 
performed using a Zeiss super-resolution laser scanning microscope LSM900 with Airyscan 2. Seven layers of sliced 
images (1 μm per layer) were scanned in the optimal signal mode of Airyscan using Airyscan 3D processing, and 
a maximum intensity projection (MIP) was applied. Considering a slice thickness of 8 μm, the projected image captured 
almost all slice details.

Western Blot
Fresh tissue and cells were disrupted with a high-strength RIPA lysis buffer, followed by 30 min of standing and 
centrifugation at 12,000 rpm at 4°C for 10 min. The protein content of the supernatant was quantified using 
a bicinchoninic acid (BCA) standard curve. Ten microliters of samples with equal amounts of total protein were added 
to 12.5% or 7.5% gels and electrophoresed at a stable voltage of 200 V. The gels were then transferred onto a PVDF 
membrane at a constant current of 400 mA. After blocking with 5% skimmed milk for 2 h, the membranes were 
incubated overnight at 4°C with the following primary antibodies: rabbit anti-Bax (1:2000, 50599-2-Ig, Proteintech), 
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rabbit anti-Bcl-2 (1:2000, 26593-1-AP, Proteintech), mouse anti-GPX4 (1:2000, 67763-1-Ig, Proteintech), rabbit anti- 
Nrf2 (1:3000, A1244, ABclonal), rabbit anti-CD71 (1:1000, A5865, ABclonal), rabbit anti-FTH1 (1:1000, A19544, 
ABclonal), rabbit anti-DMT1 (1:2000, 20507-1-AP, Proteintech), rabbit anti-Fpn1 (1:1000, 26601-1-AP, Proteintech), 
and mouse anti-β-actin (1:1000, 66009-1-Ig, Proteintech). Horseradish peroxidase (HRP)-conjugated goat anti-rabbit 
(1:3000, A0208, Beyotime) and goat anti-mouse (1:1000, A0216, Beyotime) antibodies were added for 1 h, followed by 
enhanced chemiluminescence (ECL) visualization.

Quantitative-RT PCR (qPCR)
Total RNA was extracted using the SteadyPure Universal RNA Extraction Kit (AG21017, Accurate Biotechnology) after 
the collection and homogenization of brain tissue and HT22 cells. Total RNA was then converted into cDNA using an 
Evo M-MLV RT Mix Kit with gDNA clean for qPCR Ver. 2 (AG11728; Accurate Biotechnology). Specific primers, 
samples, and the SYBR® Premix Pro TaqHS qPCR Kit (Rox Plus) (AG11718, Accurate Biotechnology) were added to 
a 96-well PCR microplate based on the alignment. The operating program of the qPCR instrument (Applied Biosystems; 
Thermo Fisher Scientific, Inc.), including temperature and time setting, was conducted in accordance with the manu
facturer’s instructions. The primer sets used are listed in Table 1. MRNA expression was calculated using the 2−ΔΔCt 
method with normalization to β-actin as the reference gene.

Enzyme-Linked Immunosorbent Assay (ELISA)
Supernatant of fresh hippocampal and cortical homogenates after centrifugation was diluted and added to a polystyrene 
enzyme plate that had been coated, blocked, and washed. After sealing with a plate sealer, the plate was incubated at 
37°C for 2 h, followed by the addition of a biotinylated antibody working solution. Enzyme conjugates working solution 
was then added for 30-minute incubation in the dark. Subsequently, TMB substrate solution was incorporated for another 
30 min in darkness. Finally, 2 m sulfuric acid was introduced, resulting in a color change from blue to yellow. The OD 
value was then measured at 450 nm within 10 min on enzyme labeling instrument.

Iron Content Assay
The iron assay was performed using a Tissue Iron Content Assay Kit (BC4350, Solarbio) and a Cell Iron Content Assay 
Kit (BC5315, Solarbio). The supernatant from the homogenized brain tissue was mixed with the prepared reagents and 
heated in boiling water for 5 min. After cooling, chloroform was added for thorough mixing, and the upper organic phase 
was aspirated for absorbance measurement at 520 nm. After centrifugation, the supernatant of the cell lysate was reacted 
with the reagents and was allowed to stand at room temperature for 10 min. The absorbance was measured at 510 nm.

MDA Content Assay
Malondialdehyde (MDA) content was evaluated using the lipid peroxidation MDA assay kit (BC0025, Solarbio), following 
the manufacturer’s instructions. Briefly, tissues and cells were homogenized, centrifuged, and mixed with thiobarbituric acid 

Table 1 The Primer Sets Used in qPCR

Gene Primer forward (5’→3’) Primer reverse (5’→3’)

ptgs2 CCTCAATACTGGAAGCCGAGCA ACACCCCTTCACATTATTGCAGA

chac1 GTATCACCTGCCCATGTTCCG CTTGGCCCTTGAAGAGCTAC

TNF-α CGCTCTTCTGTCTACTGAACTTCGG GTGGTTTGTGAGTGTGAGGGTCTG
IL-1β CACTACAGGCTCCGAGATGAACAAC TGTCGTTGCTTGGTTCTCCTTGTAC

IL-6 CTTCTTGGGACTGATGCTGGTGAC TCTGTTGGGAGTGGTATCCTCTGTG

hepcidin TGCCTGTCTCCTGCTTCTCCTC AATGTCTGCCCTGCTTTCTTCCC
IRP2 CCGTGCCAATTATCTCGCCTCTC TTCCTTGCCCGTAGAGTCAGTACC

β-actin CATCCGTAAAGACCTCTATGCCAAC ATGGAGCCACCGATCCACA
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(TAB) at 100°C for 1 h. The supernatant was collected, and other reagents were added before boiling the water bath. The 
absorbance of the centrifuged supernatants was measured at 532 nm and 600 nm.

GSH Content Assay
The glutathione (GSH) levels in the brain and HT22 cells were measured using a Reduced GSH Content Assay Kit 
(BC1175; Solarbio). The supernatant obtained after homogenization was mixed with the reaction reagent, and the 
absorbance was measured at 412 nm. The final GSH concentration was determined by using a standard curve.

Statistical Analysis
The data are presented as the mean ± standard error of the mean (SEM) and were analyzed using GraphPad Prism 5 
(GraphPad Software, Inc., San Diego, CA). The normality and homogeneity of variance of the data were examined using 
SPSS, version 20.0 (SPSS Inc., Chicago, IL, USA). One-way analysis of variance (ANOVA) was conducted to explore 
statistical differences among groups, followed by Tukey’s multiple comparison test. Differences were considered 
significant only when p < 0.05.

Results
Propofol and Dexmedetomidine Ameliorated LPS-Mediated Cognitive Impairment and 
Neural Deficits as Well as Degeneration
To investigate whether propofol or dexmedetomidine improves behavioral performance after LPS induction, mice were 
subjected to the MWM test. As shown in Figure 1, the crossing platform times and target quadrant time of endotoxemic 
mice implied the unfamiliarity of mice to spatial location even after repeated training compared with the mice pretreated 
with sedatives (p < 0.05) (Figure 1E and F). Single use of either dexmedetomidine or propofol mitigated memory and 
orientation damage, as evidenced by the gradual reduction in the first escape latency and increased time spent in the 
platform quadrant, although no significant difference was found in the first escape latency of propofol group (p < 0.05) 
(Figure 1D and F). Disappointingly, the combination of propofol and dexmedetomidine did not present the expected 
defensive effects even compared with endotoxemia models, while time spent in the target quadrant supported the 
protection to some extent (Figure 1D, E and F). Swimming speed demonstrated consistency in motor abilities among 
all groups (Figure 1G). Despite unsatisfactory results from behavioral experiments, the union of propofol and dexme
detomidine significantly attenuated LPS-induced neuronal loss and degeneration. Nissl-positive neurons were calculated 
to evaluate functional units, and FJC staining specifically marked degenerative neurons. The joint group had the highest 
survival and the least degeneration in the hippocampus and cortex compared with the single drug-preconditioned groups 
(p < 0.05) (Figure 2A–F). In addition, all sedative groups exhibited comparable restoration of declined b-cell lymphoma- 
2 (bcl-2, an antiapoptotic protein) levels resulting from LPS administration (p < 0.05) (Figure 2G–L). Bcl2-associated 
x (bax, a proapoptotic protein) remained unchanged (Figure 2G–L). We also constructed an acute endotoxin infection 
model in vitro, using LPS incubated with HT22 cell lines. In preliminary experiments, we confirmed the median lethal 
dose of LPS and found that propofol and dexmedetomidine reversed the decline in cell viability in a dose-dependent 
manner (p < 0.05) (Figure 2M–O). Co-administration of the two drugs provided better therapy to combat cell toxicity 
than isolated drug usage, in alignment with the histological features (p < 0.05) (Figure 2P).

Propofol and Dexmedetomidine Mitigated LPS-Induced Neuroinflammation in vivo 
and in vitro
DHE staining showed that the single use of propofol hardly restricted neuroinflammation after LPS administration in the 
hippocampus and cortex (Figure 3A–C). Apart from the notable decrease in TNF-α and IL-6 in the cortex, only-propofol 
usage exhibited little effect on the transcriptional levels of three inflammatory factors in the hippocampus, as well as 
cortical IL-1β (p < 0.05) (Figure 3D–E). Contrary to the inert performance of propofol, the anti-inflammatory efficacy of 
dexmedetomidine has been unequivocally confirmed, regardless of the brain region or the type of inflammatory factor (p 
< 0.05) (Figure 3A–E). The effectiveness of united sedation did not universally surpass that of individual usage. In 
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Figure 1 Propofol and dexmedetomidine ameliorated the endotoxemia-associated cognitive impairment. (A and B) The intervention strategy and experimental procedure 
for endotoxemia model in vivo and in vitro. (C) Representative trajectory and heatmaps of the MWM. (D) The escape latency for the first platform discovery over five 
consecutive days. (E) The crossing-platform times on the final day after platform removal. (F) The duration of time spent in the quadrant where the platform was located on 
the final day. (G) The swim speed on the final day. Data are expressed as the mean ± SEM (*p<0.05 vs c group; #p<0.05 vs lps group; n = 7).
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Figure 2 Propofol and dexmedetomidine mitigated the LPS-induced neuronal loss and degeneration as well as apoptosis. (A–C) Representative images of Nissl staining and 
the number of Nissl-positive cells (400×), scale bars = 50 μm. (D–F) Representative images of FJC staining and number of FJC-positive cells (400×), scale bars = 50μm. (G–L) 
The Western blot bands and quantitative analysis of bax and bcl-2. (M–P) Cell viability of treated HT22 cells measured by CCK-8. Data are expressed as the mean ± SEM 
(*p<0.05 vs lps and l2 group; #p<0.05 vs l+p+d and l5 group; &p<0.05 vs l10 group; n = 6).
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certain cases, it demonstrated a superior outcome compared to propofol alone, but fell short of the efficacy achieved with 
dexmedetomidine alone (p < 0.05) (Figure 3A–E). In vitro experiments, except for the group treated with propofol alone, 
the others demonstrated excellent capabilities against ROS production, as confirmed by the reversed relative fluorescence 
intensity of DHE and DCFH-DA (p < 0.05) (Figure 4A–D). To further confirm the relatively limited anti-inflammatory 
capability of propofol compared to dexmedetomidine, ELISA was used to quantify the content of TNF-α, IL-1β, and IL- 
6. Results showed that, propofol did indeed partially alleviate LPS-induced neuroinflammation, though not as strong as 
dexmedetomidine (p < 0.05) (Figure 3F–G). In the hippocampus, the performance of the combined therapy mirrored 
those of dexmedetomidine alone (p < 0.05) (Figure 3F), while in the cortex, its effects resembled those of sole-propofol 
application (p < 0.05) (Figure 3G).

Propofol and Dexmedetomidine Inhibited LPS-Activated Microglia and Astrocytes
To explore whether propofol or dexmedetomidine attenuates LPS-initiated microglial and astrocytic activation, we 
labelled microglia with Iba1 and astrocytes with GFAP. Immunohistochemical results indicated a significant suppression 
in the number of marked microglia in the hippocampus and cortex after intervention with propofol and dexmedetomidine, 
either alone or in combination, with no significant difference observed among the three sedative groups (p < 0.05) 
(Figure 5A–C). Propofol also restricted the augmentation of GFAP-positive astrocytes in the endotoxemic hippocampal 
CA1 and DG regions, though its suppression on DG did not reach statistical significance. The inhibitory effect was most 

Figure 3 Propofol and dexmedetomidine diminished LPS-mediated neuroinflammation in endotoxemic mice. (A–C) DHE staining representative images and analysis of 
relative fluorescence intensity (400×), scale bar = 50 μm. (D and E) The relative mRNA expression of TNF-α, IL-1β, and IL-6 measured by qPCR; (F and G) The content of 
TNF-α, IL-1β and IL-6 detected by ELISA. Data are expressed as the mean ± SEM (*p<0.05 vs lps group; #p<0.05 vs l+p+d group; &p<0.05 vs l+p group; n = 6).
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Figure 4 Dexmedetomidine and combination abrogated the ROS production in LPS-incubated HT22 cells. (A and B) The relative fluorescence intensity of DHE staining to 
evaluate the level of superoxide anions (400×), scale bar = 50 μm. (C and D) The relative fluorescence intensity of DCFH-DA staining to investigate the production of H2O2 

(400×), scale bar = 50 μm. Data are expressed as the mean ± SEM (*p<0.05 vs lps group; #p<0.05 vs l+p+d group; &p<0.05 vs l+p group; n = 6).

Figure 5 Propofol and dexmedetomidine reduced LPS-activated microglia and astrocytes. (A–C) The presentative images and the number of Iba1-positive microglia (400×), 
scale bar = 50 μm. (D–F) The presentative images and the number of GFAP-positive astrocytes (red) co-labelled with Neun-positive neurons (green) in the CA1 and DG of 
hippocampus (200×), scale bar = 100 μm. Data are expressed as the mean ± SEM (*p<0.05 vs lps group; &p<0.05 vs l+p group; n = 6).
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pronounced with dexmedetomidine alone, whereas the combined drug administration demonstrated an intermediate 
limiting impact (p < 0.05) (Figure 5D–F).

Propofol and Dexmedetomidine Attenuated LPS-Initiated Neural Ferroptosis in vivo 
and in vitro
Ferroptosis is well known as the overproduction of iron, which activates the progression of membrane lipid peroxidation. 
To determine the extent of ferroptosis, we assessed the transcriptional levels of ptgs2 and chac1, which are gene-specific 
markers of ferroptosis. As shown in Figure 6A, the single use of propofol and dexmedetomidine significantly repressed 
ferroptosis-related changes in the cortex and the elevation of ptgs2 in the hippocampus. The combined group displayed 
the best inhibitory effect, though the difference between the joint and single sedative groups was not always statistically 
significant (p < 0.05) (Figure 6A). Simultaneously, MDA, the end product of lipid metabolism; GSH, an important 
substrate of the antioxidant barrier; and iron content were detected. The co-administration of propofol and dexmedeto
midine exhibited a superior effect in mitigating the elevation of MDA and iron accumulation, as well as the restoration of 
GSH, compared with their individual use (p < 0.05) (Figure 6B–C). However, the situation varied with respect to the 
ferroptosis-related proteins. As the central safeguard against ferroptosis, glutathione peroxidase 4 (GPX4) in dexmede
tomidine-alone and combined groups in the hippocampus and cortex all showed notable restoration, while only-propofol 
could hardly reverse (p < 0.05) (Figure 6D, E, K and L). Nrf2 (nuclear factor erythroid 2-related factor 2) is 
a multifunctional antioxidant transcription factor that regulates several factors in ferroptosis. Single or combined 
administration of propofol and dexmedetomidine exhibited similar effects on the reversal of LPS-restrained Nrf2 
expression in the hippocampus and cortex (p < 0.05) (Figure 6D, F, K and M). Interestingly, the expression of iron 
metabolism-associated proteins differed in a brain region-specific manner. CD71 (transferrin receptor 1, also known as 
TfR1) was only recovered in the united group in the hippocampus (p < 0.05) (Figure 6D and G), whereas no changes 
were observed in the cortex (Figure 6K and N). In contrast, elevated ferritin heavy chain 1 (FTH1) in the cortex showed 
remarkable constraints in all protective groups, while that in the hippocampus remained unaltered (p < 0.05) (Figure 6D, 
H, K and O). Notably, the expression of divalent metal transporter 1 (DMT1) showed little changes in any group 
(Figure 6D, I, K and P), indicating that DMT1 may not be a major factor mediating LPS-induced neural iron overload. 
Fpn1, the only transporter involved in iron efflux, displayed a significant decline after LPS injection regardless of the 
brain region. Only the combination of propofol and dexmedetomidine significantly reversed the Fpn1 reduction in the 
hippocampus, while only propofol-pretreatment was unable to abrogate the decrease in the cortex (p < 0.05) (Figure 6D, 
J, K and Q). In LPS-incubated cells, the transcriptional levels of ptgs2 and chac1 were not significantly altered in any of 
the groups (Figure 7A). Nonetheless, excessive MDA and iron were restricted in all pretreated groups and combined 
usage had the most potent effect (p < 0.05) (Figure 7B). The decrease in GSH levels were also restored in all defensive 
groups, and the single use of dexmedetomidine appeared to have the weakest protection (p < 0.05) (Figure 7B). The 
relative quantification of CD71, identified as a biological marker for ferroptosis,25 revealed that only the united group 
showed effective restoration in HT22 cells (p < 0.05) (Figure 7C and D), consistent with the protein trend in the 
hippocampus. Meanwhile, only the propofol-preconditioned group failed to enhance the restrained expression of Fpn1 (p 
< 0.05) (Figure 7E and F). When exposed to stimuli, Nrf2 translocates from cytoplasm to the nucleus. To evaluate the 
proportion of activated-Nrf2 cells, DAPI was used to localize the nucleus, whereas phalloidin was used to visualize the 
cytoskeleton. The results demonstrated a potent reversal of activated-Nrf2 cells in all sedative groups, with no group 
showing outstanding recovery (p < 0.05) (Figure 7G and H).

Propofol and Dexmedetomidine Affected the Transcriptional Upregulation of 
Hepcidin and IRP2 Caused by LPS Administration
To investigate whether propofol and dexmedetomidine modulate the regulator of iron metabolism, the relative mRNA 
expression of hepcidin and IRP2 (iron regulatory protein-2) was measured using qPCR. Dexmedetomidine, but not 
propofol, significantly suppressed hepcidin levels in the hippocampus and cortex of endotoxemic mice (p < 0.05) 
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Figure 6 Propofol and dexmedetomidine attenuated LPS-initiated ferroptosis in endotoxemic mice. (A) The relative mRNA expression of ptgs2 and chac1. (B and C) The 
relative products level of Fe, MDA and GSH. (D–Q) The Western blot bands and quantitative analysis of GPX4, Nrf2, CD71, FTH1, DMT1 and Fpn1. Data are expressed as 
the mean ± SEM (*p<0.05 vs lps group; #p<0.05 vs l+p+d group; &p<0.05 vs l+p group; n = 6).
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Figure 7 Propofol and dexmedetomidine inhibited LPS-induced ferroptosis in HT22 cells. (A) The relative mRNA expression of ptgs2 and chac1. (B) The relative products 
level of Fe, MDA and GSH. (C–F) The representative images and relative fluorescence intensity of CD71 and Fpn1 (630×), scale bar = 50 μm. (G and H) The representative 
images and the proportion of activated Nrf2 cells (630×), scale bar = 50 μm. Data are expressed as the mean ± SEM (*p<0.05 vs lps group; #p<0.05 vs l+p+d group; n = 6).
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(Figure 8A and B). All three groups with sedative preconditioning showed a notable decline in LPS-induced IRP2 
upregulation, although it was difficult to differentiate the effectiveness among all groups (p < 0.05) (Figure 8C and D).

Discussion
In this study, we compared the ability of propofol and dexmedetomidine to ameliorate LPS-induced cognitive deficits and 
multiple neuropathic disorders. The following conclusions were drawn: (1) Propofol and dexmedetomidine preconditioning 
rescued LPS-induced learning and memory deterioration, while the combined medication had little reversal capability. (2) All 
pretreated groups exhibited alleviation of neural loss and degeneration, with the united group showing the most robust 
protective effects. (3) All sedative groups repressed neural apoptosis. (4) Dexmedetomidine markedly hindered LPS-induced 
neuroinflammation, while the anti-inflammatory effect of propofol was somewhat weaker. All sedative pretreatment attenu
ated the activation of microglia and astrocytes. (5) All sedative therapies diminished ferroptosis, with the combined group 
exhibiting the most potent protective effects in some cases. The mechanisms involved in propofol and dexmedetomidine 
against endotoxemia-induced cognitive impairment and brain injury are summarized in Figure 9.

Propofol and dexmedetomidine are two commonly used anesthetics in the perioperative setting and are among the most 
frequently used medications in the ICU for critically ill patients undergoing mechanical ventilation.26 Sepsis is a complicated 
clinical condition with high mortality and morbidity and is often accompanied by multiorgan dysfunction.27 Acute inflamma
tion bursts and subsequent immune constraint finally involve the brain, mediating diffuse brain disorders.28,29 In this study, we 
utilized in vivo and in vitro models of LPS-induced endotoxemia to simulate the acute inflammatory response in sepsis and 
investigated whether propofol and dexmedetomidine, either alone or in combination, are involved in LPS-induced cognitive 
impairment and several neural pathological deficiencies.

According to the MWM behavioral tests, pretreatment with either propofol or dexmedetomidine improved spatial and 
directional learning and memory deficits mediated by LPS administration. However, the joint group showed disastrous 
performance, even comparable to that of the endotoxemia group, in stark contradiction to the histological evidence. The 
highest neural survival and least degeneration indicated the alleviating capability of the combined medication, as evidenced by 
Nissl and FJC staining in vivo and cell viability in vitro. Similarly, although there was no difference between the three 
protective groups, neural apoptosis in the hippocampus and cortex was significantly mitigated. The discrepancy between the 
behavioral and histological results may be due to several factors. Firstly, we conducted MWM tests 72 h after LPS 
administration, as previous evidence showed that clinical severity scores (CCS) returned to baseline at this time point.24 

However, the endurance of mice in response to exercise may not have fully recovered, and continuous swimming-induced 
exhaustion may reactivate their deteriorating condition. Meanwhile, the compounded metabolic burden from the drug 
combination may further compromise the tolerance of the mice to high-intensity exercise. In the LPS-induced endotoxemia 
model, the interval between the last LPS injection and MWM tests varies, ranging from 2 to 10 days.30–35 Secondly, brains of 
mice which underwent behavioral tests were not harvested. Another portion of the mice was sacrificed with their brains either 
fixed in 4% paraformaldehyde or rapidly frozen in liquid nitrogen for subsequent experiments after 24 hours of LPS 
intervention, as widely acknowledged by other researchers.30,34 Thirdly, we selected five mice from the same batch, raised 

Figure 8 Propofol and dexmedetomidine influenced the transcriptional level of hepcidin and IRP2 in endotoxemic mice. (A and B) The relative mRNA expression of hepcidin. 
(C and D) The relative mRNA expression of IRP2. Data are expressed as the mean ± SEM (*p<0.05 vs lps group; #p<0.05 vs l+p+d group; &p<0.05 vs l+p group; n = 3).
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them in identical environments, and housed them in the same cage (seven replicates in total) to minimize intra-group 
differences in behavioral experiments. However, data from mice that died during MWM were excluded, reducing the sample 
size. This exclusion may limit the statistical significance of the results and increase the possibility of accidental outcomes. 
Further experiments are needed to address these problems.

Figure 9 Mechanisms of propofol and dexmedetomidine in alleviating endotoxemia-induced encephalopathy. (A-C) The protective effects of propofol, dexmedetomidine 
and combined usage against LPS-mediated neural loss and degeneration, neural apoptosis and neuroinflammation. Blue triangles, green squares, and red polygons correspond 
to propofol, dexmedetomidine and combined groups. The asterisk (*) was used to indicate the relative strength of inhibition of the specific pathological conditions by each 
sedative group. (D) Three aspects of laboratory evidence to evaluate the extent of ferroptosis. (E) The iron metabolism, hepcidin-Fpn1 regulation, IRP/IRE axis, and Nrf2 
translocation involved in the LPS-induced neural ferroptosis.
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During the early stages of sepsis, excessive inflammatory responses and cytokine storms are crucial factors that drive 
the progression.36 Therefore, we assessed the effects of propofol and dexmedetomidine on LPS-induced systemic acute 
inflammation in vivo and in vitro. Results indicated that propofol significantly relieved neuroinflammation, though its 
capability was relatively restricted compared with the other two pretreated groups. Dexmedetomidine exhibited robust 
anti-inflammatory properties and its combination with propofol did not interfere with this capability. Interestingly, all 
sedative groups displayed comparable effects in suppressing the activation of microglia. It is worth noting that although 
our results indicated that propofol exhibited a weaker anti-inflammatory capacity than dexmedetomidine, this did not 
imply that propofol had no impact on neuroinflammation. The mechanisms by which propofol modulates neuroinflam
mation in LPS-induced endotoxemia models require further investigation and validation.

Ferroptosis, a striking form of programmed cell death over the past decade, is involved in the progression of sepsis and 
associated organ damage.37 The continually discovered ferroptosis inhibitors offer potential prevention and treatment for 
sepsis. Overfilling with the labile iron pool and deficiency in the anti-lipid peroxidative defense centered around GPX4 both 
activate the occurrence of ferroptosis.8 Iron homeostasis is maintained by iron influx, storage, and efflux to achieve a dynamic 
equilibrium. CD71 recognizes and internalizes transferrin (Tf)-bound iron. In the acidic environment of endosomes, iron 
dissociates from Tf and flows into the cytoplasm through DMT1. Meanwhile, Tf is released into the extracellular space 
through vesicular transport. DMT1 located on the cell membrane also mediates the influx of non-transferrin-bound iron 
(NTBI). Ferritin stores excessive iron and Fpn1 facilitates the efflux of surplus iron.38 Our study showed that the combination 
of propofol and dexmedetomidine exerted an optimal effect on the recovery of genetic and biochemical markers of ferroptosis. 
However, results were not always consistent in protein changes. The sole use of dexmedetomidine showed the most potent 
mitigation of GPX4 repression in the cortex, whereas the combination was most effective in the hippocampus. No difference 
was found in the restoration of Nrf2 among all the sedative groups. In terms of iron metabolism, intriguing region-specificity 
was observed. In the hippocampus, FTH1 levels did not change even in the LPS group. Only the combination of propofol and 
dexmedetomidine significantly reversed CD71 expression. In the cortex, CD71 levels displayed unaltered in all groups, while 
a significant increase in FTH1 levels was seen, which was repressed by both propofol and dexmedetomidine. Interestingly, the 
trends of DMT1 and Fpn1 were in agreement regardless of the brain region. DMT1 revealed no notable alternation in all 
groups, suggesting that the role of DMT1 in LPS-mediated neural ferroptosis was relatively insignificant. Meanwhile, the 
impaired Fpn1 expression was resecured after joint sedation in the hippocampus and cortex. Dexmedetomidine alone also 
reversed declined Fpn1 in the cortex. The inhibited iron influx by decreased CD71 and enhanced iron storage by increased 
FTH1 all hindered the intracellular iron overload and may be a compensatory response to high-iron environment. The balance 
in DMT1 expression may be achieved through the promotion of neuroinflammation and the feedback limitation imposed by 
excessive iron.39 Therefore, we speculated that the consistent reduction of Fpn1 in the cortex and hippocampus may be the 
central trigger of ferroptosis. Remarkably, there is still no consensus regarding alterations in iron metabolism factors in sepsis. 
LPS administration repressed FTH1 levels in LO2 cells (human normal hepatocytes),40 MLE-12 cells (mouse capillary 
alveolar epithelial cells),41 and H9C2 cells (rat myofibroblasts).42 However, enhanced expression was observed in the 
myocardium harmed by LPS43–45 and in lungs46 and kidneys injured by cecal ligation and puncture.47 There was also no 
uniformity in CD71 expression even in a similar LPS-mediated myocardial damage model. Zhou et al resisted the upregulation 
of CD71,44 whereas Xiao et al reported a remarkable decline.45 However, for Fpn1, the results were highly consistent, showing 
a decreasing tendency.10,39,45

Many repressors involved in ferroptosis are targets of Nrf2 and are primarily associated with iron, intermediate, and 
GSH metabolism.48 Under oxidative stress, Nrf2 rapidly dissociates from Kelch-like ECH-associated protein 1 (Keap1) 
and translocates into the nucleus, where it combines with antioxidant response element (ARE), thereby facilitating 
transcription of a cascade of cell-protective genes, such as heme oxygenase-1 (HO-1), GPX4, and Fpn1. It is well 
established how Nrf2 transcriptionally enhances the expression of Fpn1 and ferritin, thus inhibiting ferroptosis.48,49 

However, owing to the highly compartmentalized nature of the brain, there is limited research on whether Nrf2 in the 
central nervous system has a similar regulatory capacity.50 The knockout of Nrf2 impaired the increased ferritin and Fpn1 
levels in the striatum of aged mice.51 The specific inhibitor of Nrf2, ML385, significantly inhibited FTH1 and Fpn1 in 
PC12 cells treated with MPP+ (1-methyl 4-phenyl pyridinium), a classical model of Parkinson’s disease.52 In other 
words, the modulation of Nrf2 on ferritin and Fpn1 should be synchronous. The disruption of Nrf2 cannot fully explain 
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the sustained FTH1 expression in the hippocampus and the elevated levels in the cortex following LPS treatment. Hence, 
we suspected that other facilitators were also involved in the decline of Fpn1.

Hepcidin serves as a crucial upstream regulator of Fpn1 by inducing its ubiquitination and degradation, thereby 
inhibiting the efflux of iron.50 Some researchers contend that the anti-inflammatory effects of hepcidin, along with its 
increase during inflammation, make it a promising novel biomarker of sepsis.53,54 During the inflammatory phase, 
microglia encounter LPS signals with toll-like receptor (TLR) 4. Through the secretion of IL-6, microglia stimulate 
astrocytes to increase hepcidin production. Hepcidin is then secreted paracrinely into neurons, thereby causing neuronal 
iron overload.55 Based on our findings, we speculated that the restriction on activated microglia and astrocytes and the 
limitation on IL-6 content from dexmedetomidine may contribute to the hindered hepcidin expression, thus restoring 
Fpn1 in a manner distinct from Nrf2 regulation. Notably, the inhibitory effect of propofol on microglia and astrocytes 
was also considerable, while constraint of hepcidin by propofol was rather limited. However, the disability of propofol to 
repress hepcidin was astonishingly in agreement with its failure to enhance the Fpn1 expression. The IRP/iron-responsive 
element (IRE) axis is another pathway regulating iron metabolism and is primarily involved in intracellular responses to 
the iron content.56 IRPs bind to the highly conserved IREs on target mRNAs to form hairpins. Under high-iron 
environment, IRP dissociates from the 3’-untranslated regions (UTRs) of unstable mRNAs, such as CD71 and DMT1, 
to initiate mRNA degradation. It also fails to combine with the 5’-UTRs of ferritin and Fpn1 mRNAs, thus promoting the 
expression. Iron overload also accelerated the degradation of IRP.57 IRP has two subtypes: IRP1 is primarily active in 
hypoxic tissues like the duodenum and kidneys, while IRP2 is active elsewhere.56 Here, we found that all sedative groups 
reduced the increase of IRP2. The different regulation on hepcidin and IRP2 provides insights into the distinct anti- 
ferroptotic mechanisms of propofol and dexmedetomidine. Given that the action of IRP on ferritin and Fpn1 should be 
analogous, more research is anticipated to determine how propofol hinders ferroptosis.

In this study, LPS was intraperitoneally injected for its strong inducibility of systemic inflammation to mimic the 
acute inflammatory phase of sepsis. Nonetheless, it hardly fully imitates the progression of sepsis; instead, it is more 
suitable for studying endotoxemia and systemic inflammatory response syndrome (SIRS).24 Furthermore, as discussed 
above, the time interval between behavioral tests and LPS administration remained controversial. The unexpectedly poor 
cognitive performance in combined sedative group reminded us to contemplate and solve this issue. Additionally, after 
determining the severity of ferroptosis, we cast light on the iron homeostasis disorder critical to ferroptosis. Research on 
factors involved in lipid peroxidation and antioxidant defense disruption is also indispensable for a comprehensive 
assessment of the intervention of propofol and dexmedetomidine in LPS-induced ferroptosis. Despite the limitations 
mentioned above, our study still holds clinical prospects. We compared the protection of propofol and dexmedetomidine, 
alone or in combination, against LPS-induced cognitive deficiencies, neurotoxicity and degeneration, neural apoptosis, 
neuroinflammation, and ferroptosis. Dexmedetomidine pretreatment exhibited potent anti-inflammatory abilities. Besides, 
combined drug therapy showed remarkable synergic effects on neuronal survival and partial resistance to ferroptosis, 
laying a solid foundation for clinical multi-drug sedation therapy. To better translate the synergistic effects of this 
combined sedation into clinical strategies, it is important to figure out the optimal dosage ratio, administration route, and 
infusion time for propofol and dexmedetomidine union. Moreover, as previously hypothesized, the reduction of Fpn1 is 
likely to be the key trigger for LPS-mediated neural ferroptosis. Elucidating the pivotal role of Fpn1 and exploring 
specific drugs targeted at restoring Fpn1 function may potentially pioneer remedies against sepsis.

Conclusion
The scarcity of treatment options and persistently high incidence of sepsis pose a significant threat to the survival of ICU 
patients, imposing a heavy burden on the healthcare system. Propofol and dexmedetomidine are two commonly used 
sedatives in critically ill patients experiencing mechanical ventilation. Investigating their potential advantages in 
alleviating symptoms and improving the outcomes of sepsis has substantial clinical value.
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