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Abstract
Background  Patients who suffered from sepsis-induced acute lung injury (ALI) always need sedation for mechanical 
ventilation in intensive care unit (ICU). Ciprofol(Cip), a novel intravenous anesthetic, was revealed to have anti-
inflammatory and antioxidative properties. Ferroptosis, categorized as a type of newly non-apoptotic cell death, 
participates in the development of lung injury. This study aimed to identify the effect of ciprofol on sepsis-induced ALI 
and to determine whether ferroptosis is involved.

Methods and results  To create ALI models, MLE12 alveolar epithelial. Cells and lipopolysaccharide (LPS)-stimulated 
C57BL/6J mice were used. Our results displyed that Cip reduced lung injury and ferroptosis. In the LPS-induced 
sepsis mice model, Cip pretreatment partially reduced respiratory system damage, as evaluated by HE, TUNEL and 
inflammatory factors. By raising GSH levels, ciprofol activated the Nrf2 antioxidative pathway, blocked ferroptosis, 
increased ferroptosis-related protein (GPX4 and SLC7A11) expressions, and reduced Fe2+ content, as well as MDA 
and 4-HNE levels. However, the protective effects of Cip on lung injury and ferroptosis diminished in Nrf2-KO mice. 
Additionally, Cip activated the Nrf2 pathway and reduced cell death by preventing detrimental lipid peroxidation and 
ferroptosis in vitro. However, these effects were not observed in siNrf2-treated cells.

Conclusion  Our study demonstrated that Cip may prevent septic lung injury by suppressing ferroptosis through the 
Nrf2 pathway.

Keywords  Ciprofol(Cip), Ferroptosis, Acute lung injury, Nuclear factor erythroid-2 related factor 2 (Nrf2), Glutathione 
peroxidase 4 (GPX4)
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Introduction
As a life-threatening organ dysfunction syndrome, sep-
sis is resulted from a uncontrolled response to the host’s 
infection [1]. Recent progress in the pathobiology, epi-
demiology, and clinical trials of sepsis have indicated 
its higher morbidity and mortality in clinical practice 
[2]. During sepsis, the systemic inflammatory responses 
cause irreversible lung damage and finally develop into 
acute lung injury (ALI) which can subsequently dete-
riorate into acute respiratory distress syndrome (ARDS). 
ALI/ARDS which related to sepsis displays a higher mor-
tality rate, compared to other causes [3]. The main symp-
toms of ARDS/ALI are an uncontrolled inflammatory 
response, alveolar epithelium injury, and destruction of 
endothelial barrier integrity, which causes inflammatory 
cell infiltration and diffuse aleolar and pulmonary inter-
stitial edema [4, 5]. Therefore, the treatment of sepsis-
induced ALI might depend on oxidative stress reduction 
in pulmonary epithelial cells and the maintenance of an 
intact alveolar epithelial barrier.

Classic clinical signs of of ARDS/ALI include refrac-
tory hypoxemia and respiratory failure [6]. Mechanical 
ventilation is a common treatment for ARDS patients 
in Intensive Care Unit (ICU). Additionally, the patients 
undergoing mechanical ventilation usually require seda-
tion and analgesia [7, 8]. At present, midazolam, dexme-
detomidine and propofol are representative sedatives for 
sedation used in ICU patients. Midazolam is character-
ized by little effect on circulation, but it has the disadvan-
tage of slow metabolism which may lead to accumulation 
and prolonged of mechanical ventilation [9]. Dexmedeto-
midine does not depress the respiratory and has both 
sedative and analgesic effects, but it also causes brady-
cardia and hypotension as side effects [10]. Compared 
with midazolam and dexmedetomidine, propofol offers a 
faster onset and recovery, which leads to faster wake up 
time and shorter hospital stay. However, propofol has a 
significant rate of hypotension due to systemic vasodila-
tion, respiratory depression, as well as hypertriglyceride-
mia [11].

A 2,6-disubstituted phenol derivative, ciprofol is a 
newly developed intravenous anesthetic and is approved 
for induction and maintenance of general anesthesia, as 
well as intensive care sedation [12–14]. Ciprofol is about 
four to five times more potent than propofol and is more 
stable in circulation. In clinical trials, ciprofol shows sim-
ilar tolerability and sedation characteristics compared to 
propofol for patients receiving mechanical ventilation in 
ICU [15, 16]. Recent studies have shown its significant 
anti-inflammatory and antioxidative activities. By regu-
lating the Sirt1/Nrf2 pathway, ciprofol protects the heart 
from ISO-induced oxidative damage and inflammatory 
reaction [17].

Ferroptosis, a new type of regulated cell death, is mani-
fested by iron -based lipid peroxidation and extensive 
generation of reactive oxygen species (ROS) in cells [18]. 
Moreover, ferroptosis is linked to several pathophysi-
ological processes, including degenerative diseases, can-
cer, and ischemia-reperfusion injury [19–21]. A recent 
study showed that ferroptosis is crucial for sepsis-related 
organ injury. For example, ferroptosis inhibitor (Fer-1) 
can alleviate sepsis-related lung injury by inhibiting fer-
roptosis [22]. Additionally, melanin nanoparticles signifi-
cantly alleviated myocardial injury by suppressing iron 
accumulation and attenuating oxidative stress in the LPS-
induced murine sepsis model [23]. As an endogenous 
transcription factor, Nuclear factor erythroid 2-related 
factor 2 (NFE2L2/Nrf2) is closely associated with lipid 
peroxidation and iron metabolism. Nrf2 upregulation 
suppresses lipid peroxidation by modulating cystine/glu-
tamate transporter (SLC7A11), glutathione (GSH), and 
glutathione peroxidase 4 (GPX4) in ferroptosis regulation 
[24, 25], and exerts a protective effect in lung injury.

A previous study showed that propofol can alleviate 
DOX-induced ferroptosis and protect cardiomyocytes 
from oxidative stress and inflammatory responses by 
activating Nrf2/GPX4 signaling in H9c2 cells [26]. Con-
sidering the similar chemical structure of ciprofol and 
propofol, whether ciprofol has a protective effect against 
organ damage through ferroptosis suppression remains 
unclear. Thus, our study aimed to investigate whether 
ciprofol conferred a strong anti-ferroptotic function in 
pulmonary epithelial cells after LPS stimulation. We also 
sought to explore the underlying mechanism of LPS-
induced ALI.

Materials and methods
Animal model
Our animal experiments were approved by in advance 
the Animal Care and Use Committee of Tianjin Nankai 
Hospital (approval number No-NKYY-DWLL-2024–098) 
and conformed to the institutional guidelines for experi-
mental animals. We used both 6 to 8-week-old healthy 
C57BL/6J male mice (Laboratory Animal Center of Tian-
jin Nankai Hospital) and Nrf2-knockout (Nrf2KO) male 
mice (Jiangsu Huachuang Sino Pharmaceutical Technol-
ogy Co., Ltd) in our experiments. Animals under stan-
dard conditions had free access to diet and water, with 
a day–night cycle for 12 h at 25  °C. The mice were ran-
domized to four groups (n = 6/group): control group, LPS 
group, LPS + Cip group, and Cip group, respectively.The 
LPS (Solarbio, Beijing, China) injection (10  mg/kg) via 
the tail vein was used to establish the sepsis-induced ALI 
model. According to a human-to-animal dose conver-
sion guide [27] and its pharmacokinetic characteristics 
[12], the LPS + Cip group mice received intraperitoneal 
ciprofol (Haisco Pharmaceutical Group Co., Ltd., China) 
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instillation (50  mg/kg) for 2  h with reference to clinical 
dosages (0.5-2 mg/kg/h) of ciprofol before LPS stimula-
tion. For ferroptosis detection, the mice were randomized 
to four groups (n = 6/group): control group, LPS group, 
LPS + ferrostatin-1(Fer) group, and LPS + Cip group. The 
mice in LPS + Fer-1 group were given an intraperitoneal 
injection with Fer-1 (Sigma, USA) (5  mg/kg) 2  h before 
LPS stimulation. In order to demonstrate the effect of 
the Nrf2 pathway in the Cip-mediated reduction in lung 
injury, mice were further divided into two groups (n = 6/
group): LPS + Cip group and Nrf2 KO + LPS + Cip group, 
respectively. Following a 12-hour LPS treatment, mice 
were sacrificed, and their left lungs, blood, and bron-
choalveolar lavage (BAL) fluid were taken for additional 
testing. To reduce the suffering of the mice, we used iso-
furane (2-3%) to anesthetize them. After the mice were 
unconscious, they were sacrificed by cervical dislocation.

Histopathological analysis
After washing with PBS and fixing in 10% formalin fixa-
tion, we embedded the lung tissues in paraffin, and then 
cut tissues into 4-µm slices on a microtome. Next, the 
hematoxylin and eosin (H&E) was used to stain the lung 
sections for histopathological analysis. A semiquantita-
tive scoring system based on the following parameters 
was used to assess the level of lung injury: neutrophil 
infiltration, pulmonary edema, disorganization of lung 
parenchyma and hemorrhage.Briefly, the following rat-
ing scale was employed: 0 = none, 1 = light damage (25%), 
2 = moderate damage (50%), 3 = severe damage (75%), 
and 4 = extremely severe damage (approximately 100%) 
to score the degree of lesion in all samples.Two patholo-
gists blinded to the experimental setup assessed the lung 
injury scores.

Cell culture and treatment
Mouse lung epithelial cell lines (MLE12) were cultured 
in the HITES medium in a 5% carbon dioxide humidi-
fied incubator at a temperature of 37 °C. The media was 
renewed every two to three days. When MLE12 cells 
reached 80–90% confluency, they were passaged to cre-
ate a sepsis model. A range of LPS dosages (0, 0.1, 1, 5, 
10, and 20 µg/mL) were applied to MLE12 cells for 24 h. 
Additionally, Nrf2 siRNA (5′-​A​U​U​G​A​U​G​U​U​U​C​U​G​
A​U​C​U​A​U​C​A​C​U​T​T-3′), obtained from Suzhou Gene 
Pharma Co. Ltd, was transfected into the cells.

Cell viability assay
A CCK-8 kit (Beyotime, Shanghai, China) was used for 
evaluating cell viability. MLE12 cells were inserted in a 
96-well plate at a concentration of 3500 cells per well and 
cultured for 24  h. Subsequently, they were treated with 
LPS in different concentrations for 24 h. In some groups, 
ciprofol in different concentrations (0, 1.25, 2.5, 5, 10, and 

20µM) was added before LPS insult for 2 h. Additionally, 
10 µL of CCK8 solution was directly added into each well, 
and the mixture was incubated at 37 °C for another 2.5 h. 
Intergroup cell viability was detected using a microplate 
reader at 450 nm.

Enzyme-linked immunosorbent assay (ELISA)
The BAL fluid supernatant of mice and cell cultures were 
collected and chemokine (TNF-α, IL-1β, and IL-6) lev-
els were determined with ELISA kits (F2132-B, F2040-B, 
F2163-B; Kexing, Shanghai, China), in accordance with 
the manufacturer’s instructions. Subsequently, we mea-
sured optical density to determine the levels at 450 nm.

Mitochondrial membrane potential (MMP) assay
A JC-1 Mitochondrial membrane potential (MMP) Assay 
Kit (Jiancheng, Nanjing, China) was used to assess MMP 
changes. Following a 20-minute incubation period at 
37 °C with the JC-1 solution, the cells were twice rinsed 
with incubation buffer. Further analyses were performed 
with a flow cytometer (NovoCyte543210110276, USA).

Malondialdehyde (MDA), superoxide dismutase (SOD), and 
glutathione (GSH) measurement
MDA, SOD, and GSH cellular concentrations were deter-
mined by their corresponding kits (A003-4-1, A001-
3-2, A006-2-1; Jiancheng, Nanjing, China).Briefly, we 
rinsed lung tissues with PBS and homogenized them on 
ice. After centrifugation at 3500×g for 10  min, we col-
lected the supernatant and incubated it with an assay 
solution. Using a microplate reader, the absorbance was 
determined at 450  nm. Furthermore, using a BCA pro-
tein assay kit (Beyotime, China), the MDA, SOD, and 
GSH levels were determined and standardized to protein 
levels.

Immunofluorescence assay
After three PBS washes, the samples were fixed for 
30 min at room temperature using 4% paraformaldehyde. 
The cells were blocked using 4% rabbit serum for one 
hour at room temperature after being permeabilized for 
thirty minutes with 0.5% Triton X-100. After overnight 
incubation with primary antibody (1:150) at 4  °C, the 
cells were incubated for 1 h at 37 °C in the dark with sec-
ondary antibody (1:200). The samples were stained with 
DAPI, and a fluorescent microscope(panoramic scan, 
3DHISTECH, Hungary) was used for observing protein 
expressions.

Western blot
Lung tissues and MLE12 cells were lysed in RIPA buf-
fer (Beyotime, China) for 15 min on ice. The cell lysates 
were centrifuged at 12,000  rpm for 20  min at 4  °C to 
obtain cellular proteins.Then, the protein concentrations 
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were detected by a BCA protein assay kit (Thermo, USA). 
Protein samples in identical amounts from each group 
were subjected to 10% SDS-PAGE and then placed onto 
a PVDF membrane.Furthermore, the membranes were 
blocked with 5% skim milk in TBST at 37 °C for 1 h and 
incubated overnight with primary antibodies against 
Nrf2 (1:5000, Proteintech, 16396-1-AP), GPX4 (1:10000, 
Abcam, ab125066), 4-HNE (1:500, BIOSS, bs-6313R), 
PTGS2(1:800, BOSTER, BM4419), SLC7A11 (1:500, 
Abcam, AB307601), and β-actin (1:2000, ZSGBBIO, 
TA-10) at 4 °C. The blots were incubated with a second-
ary antibody for one hour at room temperature follow-
ing three TBST washes.Ultimately, the Bio-Rad enhanced 
chemiluminescence system was used to quantify the pro-
tein bands, and ImageJ was used to interpret the results.

Statistical analysis
Data were expressed as the mean ± standard deviation 
(S ± D). A t-test was applied to analyze the difference 
between the two groups. GraphPad Prism 9.2.0 was used 
for a one-way ANOVA followed by the Bonferroni post-
test to compare multiple groups. All values of p < 0.05 
were considered statistically significant.

Results
Ciprofol reduced LPS-induced ALI in mice
To confirm ciprofol’s function in sepsis-induced ALI, 
we established an LPS-induced ALI model. The lung tis-
sue’s pathological changes were assessed via H&E and 
TUNEL staining as well as lung injury scores. Com-
pared with the LPS group, LPS + Cip group reduced lung 
injury and inflammatory cell infiltration, destroyed pul-
monary architecture, thickened the alveolar wall, and 
caused interstitial edema as well as alveolar hemorrhage 
(Fig.  1A). LPS + Cip group also showed a reduction in 
the dead cells’ quantity (Fig. 1B and G). Additionally, the 
LPS + Cip group’s lung injury score was lower than LPS 
group (Fig.  1C). Furthermore, ELISA results indicated 
that inflammatory cytokines IL-1β, IL-6, TNF-α lev-
els decreased by ciprofol addition (Fig. 1D-F). Thus, our 
results demonstrated that ciprofol could reduce sepsis-
induced ALI and inflammatory responses in vivo.

Ciprofol prevented oxidative stress and ferroptosis in mice 
with LPS-induced ALI
MDA, GSH, and SOD levels were detected to deter-
mine the effects of oxidative stress, which initiated LPS-
induced ALI. As seen in Fig.  2A-C, the MDA level was 
greater than that of the control group, as ciprofol admin-
istration reduced the MDA accumulation. Meanwhile, 
ciprofol restored the activities of GSH and SOD, which 
were significantly reduced with LPS treatment. Lipid 
peroxidation, Fe2+ accumulation, and mitochondrial 
morphological characteristics were detected to reveal 

the ciprofol’s preventive effect on ferroptosis. GPX4 
upregulation effectively inhibits ferroptosis by modu-
lating lipid peroxide accumulation. Compared with the 
control group, the GPX4 level significantly decreased 
while another ferroptosis marker, PTGS2 level, increased 
considerably in the LPS group’s lung tissues. Mean-
while, ciprofol pretreatment increased and decreased 
GPX4 and PTGS2 levels, respectively (Fig. 2D, E and G). 
Additionally, ciprofol reduced the Fe2+ level of lung tis-
sues compared with the LPS group (Fig.  2H). Western 
blot and immunohistochemical staining showed that 
the 4-hydroxy-2-nonenal (4-HNE) level decreased in the 
LPS + Cip group (Fig.  2D, F, I and K). Moreover, trans-
mission electron microscopy (TEM) results indicated 
that mitochondria in the lung tissues of mice after LPS 
showed obvious alterations characteristic of ferroptosis, 
displaying decreased mitochondrial size, reduction of 
mitochondrial cristae, and impaired membrane integrity. 
This alteration improved following ciprofol treatment 
(Fig. 2J). We also further evaluated the effect of Fer-1 (a 
ferroptosis inhibitor) on LPS-induced ALI and achieved 
a similar effect as ciprofol treatment. Thus, these findings 
suggest that ciprofol might prevent sepsis-induced ALI 
by suppressing ferroptosis.

Ciprofol reduced LPS-induced MLE12 cell injury and 
inflammatory response
MLE12 cells were used to assess the ciprofol’s preven-
tive effects on LPS-induced ALI in vitro. LPS treatment 
reduced cell viability in a dose-dependent manner in 
MLE12 cells (Fig. 3A), and a dose of 10 µg/mL was cho-
sen for all subsequent experiments. As seen in Fig.  3B 
and C, ciprofol pretreatment increased cell viability in a 
dose-dependent manner while inhibiting LDH release. 
The flow cytometry results also showed that ciprofol 
pretreatment effectively promoted cell survival, com-
pared with the LPS group (Fig.  3G and I). Additionally, 
IL-1β, IL-6, and TNF-α levels were significantly higher 
in the LPS group than those in the control group; how-
ever, these effects were reversed by ciprofol addition 
(Fig. 3D-F). MMP is an important measure of mitochon-
drial function. We found that impaired MMP in LPS-
treated MLE12 cells was reduced by ciprofol (Fig.  3H 
and J). Thus, we suggest that the ciprofol treatment could 
reduced LPS-induced MLE12 cell injury.

Ciprofol inhibited LPS-induced ferroptosis and reduced 
MLE12 cells’ oxidative stress
To further confirm the ciprofol’s effect on ferroptosis 
regulation, we used MLE12 cells. Ciprofol reduced MDA 
and intracellular ROS levels, while increased GSH and 
SOD levels were observed in the LPS group (Fig.  4A-
D). Similar to the in vivo experiment, the ferroptosis 
level was determined by measuring Fe2+, GPX4, 4-HNE, 
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and PTGS2 levels in the MLE12 cells. Western blot and 
immunofluorescence results indicated that GPX4 expres-
sion increased and 4-HNE expression decreased in the 
ciprofol or Fer-1 pretreatment group, compared with the 
LPS group (Fig. 4E-I and K). After detecting other ferrop-
totic phenotypes, the PTGS2 expression and Fe2+ accu-
mulation increased after LPS administration, while both 
ciprofol and Fer-1 pretreatments decreased the PTGS2 
expression and Fe2+ level (Fig. 4H, J). Thus, we confirmed 
the ciprofol’s preventive effects on LPS-induced oxidative 
stress and ferroptosis inhibition.

Ciprofol upregulated Nrf2 expression to inhibit LPS-
induced ferroptosis in MLE12 cells
To explore the ciprofol’s preventive effects against LPS-
induced ALI in MLE12 cells, we constructed the siRNA 

against Nrf2. As seen in Fig.  5A and K, flow cytom-
etry results indicated that the apoptosis rate in the Nrf-
2siRNA + LPS group was higher than in the LPS group. 
Furthermore, pretreatment with ciprofol reduced the 
LPS-induced apoptosis rate, whereas Nrf2 silencing 
attenuated these effects. Meanwhile, the CCK-8 assay 
revealed a similar result for cell viability and indicated 
that the ciprofol’s preventive effects on LPS-induced 
cell injury were partially reversed by Nrf2 knockdown 
(Fig.  5B). In order to confirm the resistance of ciprofol 
to ferroptosis was dependent on Nrf2, we detected Fe2+, 
GPX4, 4-HNE, PTGS2, Nrf2, and SL7A11 levels. Cell 
immunofluorescence and western blotting showed that 
Nrf2 expression was upregulated by ciprofol treatment, 
while Nrf2 protein level decreased after Nrf2 silencing 
(Fig.  5D, H, and J). Subsequently, the SLC7A11, as well 

Fig. 1  Protective effects of ciprofol against LPS-induced ALI in mice. A Hematoxylin and eosin (HE) results showing the histopathological changes in the 
lung sections of ALI mice pretreated with or without ciprofol. Scale bar: 100 μm. B Representative images ofterminal deoxynucleotidyl transferase dUTP 
nick end labeling (TUNEL) in lung tissue. Scale bar: 50 μm.C lung injury score of lung tissues from each experimental group. D-F Proinflammatory cytokine 
IL-1β, IL-6, and TNF-α levels in murine lung tissues. G The number of TUNEL-positive cells was determined. Data are presented as Mean ± SD. (n = 6 per 
group).Statistical analysis was performed using one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 2  ciprofol reduced LPS induced ferroptosis and increased antioxidant ability in mice. A-C Activities of malondialdehyde (MDA), glutathione (GSH), 
and superoxide dismutase (SOD) in the murine lung tissues (n = 6 per group). D-G GPX4, 4-HNE and PTGS2 expressions in lung tissues detected by 
western blot (n = 3 per group). H Expression level of Fe2+ in murine lung tissues (n = 6 per group). I 4-HNE expressions in lung tissues detected by im-
mumohistochemical staining. J Transmission electron microscopy images of representative mitochondrial structures (scale bar, 1.0 μm). K quantitative 
analysis of 4-HNE-positive area (n = 6 per group). Data are presented as Mean ± SD.Statistical analysis was performed using one-way ANOVA. *p < 0.05, 
**p < 0.01, ***p < 0.001
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Fig. 3 (See legend on next page.)
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as GPX4 levels decreased, and Fe2+ content, 4-HNE, 
as well as PTGS2 protein levels increased in the Nrf-
2siRNA + LPS group, compared with the LPS group. 
Thus, ciprofol pretreatment increased SLC7A11, and 
GPX4 levels and reduced Fe2+ content, 4-HNE, and 
PTGS2 levels; however, Nrf2 depletion majorly abolished 
its effect in MLE12 cells (Fig. 5D-I). Hence, this indicated 
that the ciprofol’s ferroptosis resistance may be depen-
dent on Nrf2 expression in vitro.

Ciprofol inhibited ferroptosis through Nrf2 activation in 
LPS-induced ALI mice
In order to further elucidate whether ciprofol’s anti-
ferroptotic function was Nrf2-dependent in vivo, we 
constructed the LPS-induced ALI models using Nrf2-
knockout mice (Nrf2−/−). Our results showed that Nrf2 
deletion aggravated pathological changes in H&E-stained 
lung tissues (Fig.  6A). Subsequently, IL-1β, IL-6, and 
TNF-α levels were higher in the Nrf2−/− mice than in 
the ciprofol pretreated mice which indicated that cip-
rofol’s preventive effect against inflammatory response 
was attenuated in Nrf2−/− mice (Fig.  6B). The GSH and 
SOD levels increased while MDA level and Fe2+ con-
tent decreased after ciprofol treatment. However, the 
anti-ferroptosis effects were diminished in Nrf2−/− mice 
(Fig. 6C). As shown in Fig. 6D-F, ciprofol was unable to 
conserve the decreased GPX4 and SLC7A11 levels, sug-
gesting that Nrf2 deletion partially reversed the effects 
of ciprofol against ferroptosis. Thus, we determined that 
ciprofol prevented sepsis-induced ALI by inhibiting fer-
roptosis through a Nrf2-dependent mechanism.

Discussion
ALI is one of the critical diseases that has received 
increased public attention due to its high morbid-
ity and mortality rates [28]. Sepsis remains one of the 
main causes of ALI [29], which causes alveolar-capillary 
barrier dysfunction. In sepsis-induced ALI, a burst of 
inflammatory cytokines and excessive ROS accumula-
tion play a key role in the pathogenesis of lung injury 
[30]. Consequently, it is important to alleviate excessive 
inflammatory responses and ROS accumulation, thereby 
maintaining an intact alveolar epithelial barrier to com-
bat ALI. Thus, we demonstrated that ciprofol could 
reduce sepsis-induced ALI by suppressing ferroptosis. 
Mechanistically, ciprofol treatment upregulated Nrf2 

expression and promoted Nrf2-dependent target genes 
like GPX4 and SLC7A11. Hence, ciprofol might be a 
promising remedy for patients who need sedation and 
suffer from sepsis-induced ALI in ICUs.

A novel intravenous anesthetic, ciprofol, has a similar 
safety profile and chemical structure to propofol. Many 
studies have revealed propofol’s protective effects on 
various lung diseases [31–33]. Compared with propofol, 
ciprofol has several advantages like rapid onset, faster 
recovery, a higher potency, reduced injection pain, and 
a lower mean arterial pressure (MAP) reduction [34, 
35]. Additionally, ciprofol also protects the heart from 
ISO insults by suppressing oxidative stress and excessive 
inflammatory responses [17]. Another study indicated 
that ciprofol exhibited a protective effect against cerebral 
ischemia-reperfusion injury through attenuating lipid 
preoxidation and oxidative stress [36].

Thus, we designed a MLE12 cell impairment model, 
which was stimulated with LPS. Our results indicated 
that ciprofol refrained cell inflammation in vitro. Subse-
quently, we also found that severe lung injury occurred 
in mice in LPS-induced ALI, including varying degrees 
of edema, inflammatory cell infiltration, and lung tis-
sue necrosis. Furthermore, the inflammatory factor 
(IL-1β,IL-6, and TNF-α) levels were increased signifi-
cantly in such mice. Ciprofol treatment reduced inflam-
mation and prevented lung injury in vivo. These findings 
further solidified the fact that ciprofol might prevent 
sepsis-induced ALI by suppressing excessive inflamma-
tory responses.

Different from other programmed cell deaths, ferropto-
sis is a novel Fe2+-dependent programmed cell death that 
is closely related to redox equilibrium and lipid metabo-
lism. Several studies have showed that ferroptosis can 
induce the pathologic mechanism of sepsis-induced ALI 
[37–39]. Hence, ferroptosis inhibition might reduce tis-
sue injury by using either ferroptosis inhibitors or Fe2+ 
chelation. We also verified that ferroptosis participated 
in the process of sepsis-induced lung injury. Ferropto-
sis indicators significantly increased, and mitochondrial 
shrinkage appeared after LPS treatment in both vivo and 
in vitro. Additionally, ciprofol exhibited an antioxidant 
effect and suppressed ROS production. Thus, we investi-
gated the relationship between ciprofol and ferroptosis in 
our study. It was found that ciprofol treatment increased 
GSH and GPX4 levels, and reduced ROS production as 

(See figure on previous page.)
Fig. 3  Protective effects of ciprofol against LPS-induced MLE12 cell injury. A Cell viability was determined by CCK8 assays, after being treated with dif-
ferent concentrations of LPS for 24 h (n = 6 per group). B Cell viability was determined by CCK8 assays, after ciprofol pretreatment with different concen-
trations prior to LPS treatment for 12 h (n = 6 per group). C Lactate dehydrogenase (LDH) release in MLE12 cells (n = 6 per group). D-F Proinflammatory 
cytokine IL-1β, IL-6, and TNF-α levels in MLE12 cells (n = 6 per group). G PI and Annexin V flow cytometry show apoptosis of MLE12 cells (n = 3 per group). H 
Mitochondrial membrane potential (MMP) was determined by flow cytometry, after cells were stained with JC-1 indicated by the red/green fluorescence 
ratio (n = 3 per group). I Apoptotic rate measured by Annexin V-FITC/PI flow cytometry (n = 3 for each group).J Quantification of mitochondrial mem-
brane potential after staining (Red/Green) (n = 3 per group). Data are presented as Mean ± SD. Statistical analysis was performed using one-way ANOVA. 
*p < 0.05, ***p < 0.001 vs. control; ##P < 0.01,###P < 0.001 vs. LPS
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Fig. 4  ciprofol reduced LPS induced ferroptosis and increased antioxidant ability in MLE12 cells.A ROS production detected by immunofluorescence and 
its quantification analysis (n = 3 for each group). B-D Activities of malondialdehyde (MDA), glutathione (GSH), and superoxide dismutase (SOD) in MLE12 
cell s (n = 6 for each group). E,K Representative immunofluorescence images of 4-HNE, GPX4 and the quantification analysis in MLE12 cells (n = 3 for each 
group). F-I GPX4, 4-HNE and PTGS2 expressions in MLE12 cells detected by western blot (n = 3 for each group). J Expression level of Fe2 + in MLE12 cells 
(n = 6 for each group). Data are presented as Mean ± SD. Statistical analysis was performed using one-way ANOVA.*p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 5  ciprofol reduced LPS induced ferroptosis through Nrf2-dependent pathways in MLE12 cells. A Cell apoptosis detected by flow cytometry. B Cell 
viability determined by CCK8 assays (n = 6 for each group). *P < 0.05 vs.LPS group; #P < 0.05 vs.LPS + Cip group. C Expression level of Fe2+ in MLE12 cells. D-I 
GPX4, 4-HNE, PTGS2, Nrf2 and SL7A11 expressions in MLE12 cells detected by western blot (n = 3 for each group). J Representative immunofluorescence 
images of Nrf2 and its quantification analysis in MLE12 cells (n = 3 for each group). K Apoptotic rate measured by Annexin V-FITC/PI flow cytometry (n = 3 
for each group). Data are presented as Mean ± SD. Statistical analysis was performed using one-way ANOVA.*p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 6  The inhibition of ciprofol on ferroptosis was abolished in Nrf2 KO mice. A Representative HE staining images and lung injury score of the lung 
tissues (n = 6 for each group). B Proinflammatory cytokine IL-1β, IL-6, and TNF-α levels in lung tissues (n = 6 for each group). C Activities of MDA, GSH, SOD 
and Fe2 + content in lung tissues (n = 6 for each group). D GPX4, 4-HNE expressions detected by immumohistochemical staining and the quantification 
analysis in lung tissues (n = 3 for each group).E Nrf2 expressions detected by immumohistochemical staining and the quantification analysis in lung tis-
sues (n = 3 for each group). F GPX4, 4-HNE, PTGS2, Nrf2 and SL7A11 expressions detected by western blot in lung tissues (n = 3 for each group). Data are 
presented as Mean ± SD. Statistical analysis was performed using t-test. *p < 0.05, **p < 0.01, ***p < 0.001
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well as lipid peroxidation markers (MDA and 4HNE) in 
lung tissue and alveolar epithelial cells. Thus, our study 
is the first one to demonstrate that ciprofol may inhibit 
ferroptosis by activating the antioxidant system, thereby 
accounting for ciprofol’s preventive effects in sepsis-
induced ALI.

We further elucidated the potential ciprofol mechanisms 
that help in suppressing ferroptosis in sepsis-induced ALI. 
GPX4, a phospholipid hydroperoxidase, is a central regula-
tor of ferroptosis [40] and uses GSH to eliminate membrane 
phospholipid hydroperoxides for ferroptosis suppression. 
As a major component of the glutamate/cystine antiporter 
system xc−, Slc7A11 regulates the downstream synthesis of 
GSH [41]. Additionally, the downstream target genes, GPX4 
and SLC7A11 are transcriptionally regulated by Nrf2 [42, 
43], and their reductions can be used as ferroptosis mark-
ers. We also found that ciprofol treatment upregulated Nrf2 
and its downstream antioxidative genes, and reduced lipid 
peroxidation as well as ROS production. Additionally, Nrf2 
deficiency in Nrf2−/− mice and by siRNA in cells partially 
reversed ciprofol’s preventive effects against LPS-induced 
ALI, thereby indicating that ciprofol might inhibit ferrop-
tosis through Nrf2-dependent pathways (Fig. 7). Due to the 
multifaceted role of Nrf2 in regulating downstream genes, 
there may other pathways and other types of cell death 
which involved in the contribution of Nrf2 downstream of 
ciprofol treatment. In the future, we will also apply multi-
omics technologies, such as sequencing and proteomics, to 

detect the key molecules of Nrf2 downstream. Also, precise 
molecular processes should be further determined to better 
understand the direct target of ciprofol on the Nrf2 signal-
ing pathway.

Our study had several limitations. In the current inves-
tigation, only alveolar epithelial cells were used, additional 
studies are needed to confirm the effect of ciprofol on other 
pulmonary infammatory cells.

tightly connected with lung damage, such as lympho-
cytes and neutrophils. Moreover, follow-up studies are 
required to investigate the possibility that ciprofol regu-
lates ferroptosis through other signaling pathways, such 
as the FSP1-CoQ10-NAD(P)H pathway and the ATG5-
ATG7-NCOA4 pathway. In addition, we did not com-
pare ciprofol with propofol in this experiment, which can 
better identify whether the anti-oxidant/anti-ferroptotic 
effect of ciprofol is solely related to this particular phenol 
derivative or is also observed in other derivatives such as 
propofol. Also, as an intravenous anesthetic, ciprofol was 
administered by intraperitoneal injection in this study, 
which was not consistent with clinical use to some extent.

In conclusion, we demonstrated that ciprofol could 
exerted preventive effects on sepsis-induced ALI. Mechani-
cally, ciprofol reduced oxidative stress and inhibited ferrop-
tosis in an Nrf2-dependent manner.
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Cip	� Ciprofol
ALI	� Acute lung injury

Fig. 7  Graphical abstract of ciprofol reduce sepsis-induced ALI.The possible pathways by which ciprofol antioxidative properties prevent ferroptosis in 
sepsis-induced ALI. Ciprofol upregulated Nrf2 expression and promoted the transcription of target genes, including SLC7A11 and GPX4. They helped to 
prevent ferroptosis induced by LPS and reduce sepsis-induced ALI
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