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Abstract

Background and Purpose: Ciprofol, a novel intravenous anesthetic, has been shown to exert protective effects against ischemic stroke,
a leading cause of death and disability; however, its molecular mechanisms remain unclear. This study aimed to explore the molecular
mechanisms underlying the neuroprotective effects of ciprofol using metabolomics. Methods: This study used a middle cerebral artery
occlusion (MCAO) rat model to simulate cerebral ischemia-reperfusion injury (CIRI). The rats were divided into ciprofol, MCAO, and
sham groups. Histological and neurobehavioral testing methods were used to investigate the therapeutic effects of ciprofol in rats. Ultra-
high-performance liquid chromatography-quadrupole time-of-flight mass spectrometry was used to screen for differential metabolites
and related metabolic pathways in the serum and brain of the three groups. Spectrophotometry was used to detect in vitro mitochondrial
respiratory chain complex I (MRCC-I) activity. Results: Neurological behavioral scores and cerebral infarct volumes of rats in the
ciprofol group were significantly lower than those of rats in the MCAO group. Metabolomic analysis revealed 19 differential metabolites
in serum samples and 31 differential metabolites in brain samples, including flavin mononucleotide (FMN). These metabolites were
mainly enriched in the tricarboxylic acid cycle, respiratory electron transport chain, and amino acid and lipid metabolism. In vitro
experiments demonstrated that ciprofol promoted the activity of MRCC-I during CIRI by increasing FMN levels. Conclusion: The
mechanisms of action of ciprofol during treatment of cerebral ischemia involve the tricarboxylic acid cycle, respiratory electron transport
chain, and amino acid and lipid metabolism and may directly affect MRCC-I activity by regulating FMN.
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1. Introduction tective effect [9]. Although ciprofol has potential applica-
tions for the treatment of CIRI, its metabolic characteristics
and molecular mechanisms remain unclear.

The impact of anesthetics on the body’s metabolic
spectrum is significant [10], and metabolic disturbances
play a crucial role in CIRI [11,12]. In recent years,
metabolomics has been used to investigate changes in the
endogenous metabolites of complex biological systems and
to identify potential biomarkers [13]. However, the rela-
tionship between the metabolic spectrum of the brain after
CIRI, and to verify the its metabolites and signaling path-
ways, and the neuroprotective effects of ciprofol remain un-
clear. This study aimed to explore the influence of ciprofol
on the metabolic spectrum of the brain following CIRI and
to verify the possible mechanisms whereby it regulates its
molecular target, flavin mononucleotide (FMN).

Stroke is one of the leading causes of death and per-
manent disability worldwide [1,2]. Ischemic strokes, which
account for approximately 80% of all strokes, are char-
acterized by a reduction in cerebral blood flow and is-
chemia, which can lead to severe and irreversible damage
[3]. Although reperfusion therapy can prevent further is-
chemia [4], tissue damage can worsen during the ischemia-
reperfusion process, ultimately leading to disability or death
[5,6]. Ciprofol, a novel intravenous anesthetic derived
from a structural modification of propofol, has a rapid on-
set, high potency, and good safety profile [7], reducing
anesthesia-related cardiovascular depression [8]. A recent
study has shown that ciprofol alleviates the iron cell apopto-
sis induced by cerebral ischemia-reperfusion injury (CIRI)
by promoting the nuclear factor erythroid 2-related fac-
tor 2/cystine/glutamate antiporter/glutathione peroxidase 4
(Nrf2/XCT/Gpx4) signaling pathway, exerting a neuropro-
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2. Experimental Methods and Materials
2.1 Reagents and Equipment

We wused the following reagents during this
study: ciprofol (Cat# H20200013, Liaoning Haisi Ke
Pharmaceutical, Shenyang, Liaoning, China), 2,3,5-
triphenyltetrazolium chloride (TTC) (Cat# T109275,
Aladdin, Shanghai, China), pentobarbital sodium (Cat#
BC076, Solarbio Science & Technology Company, Bei-
jing, China), 4% paraformaldehyde fixative solution (Cat#
P395744, Aladdin), formic acid (chromatography grade)
(Cat# F433212, Aladdin), acetonitrile (chromatography
grade) (Cat# A104440, Aladdin), glycerol (Cat# G116214,
Aladdin), sucrose (Cat# S112226, Aladdin), HEPES-Tris
(Cat# H109407, Aladdin), KCI (Cat# P122134, Aladdin),
EGTA (Cat# E104434, Aladdin), NADH (Cat# N196977,
Aladdin), BSA (Cat# D259432, Aladdin), protopor-
phyrin IX (Cat# F2420066, Aladdin), decylubiquinone
(Cat#C463488, Aladdin), hexaammineruthenium(Il)
chloride (Cat# H282727, Aladdin), FMN ( Cat# R106430,
Aladdin), SF6847 (Cat# T129439, Aladdin), glutamic acid
(Cat# G121400, Aladdin), succinic acid (Cat# S431423,
Aladdin), trichloroacetic acid (Cat# T104257, Aladdin),
mannitol (Cat# M108829, Aladdin), gentamicin (Cat#
A132913, Aladdin) and potassium ferricyanide (Cat#
P111567, Aladdin).

We used the following equipment and software dur-
ing this study: analytical balance (No.ZCK201708115,
Mettler-Toledo, Columbus, OH, USA), silicon rubber plug
(No. 40-3756, Doccol, Sharon, MA, USA), micropipettes
(QHO05656, Thermo Fisher Scientific, Waltham, MA,
USA), benchtop centrifuge (No.10895, Sigma-Aldrich, St.
Louis, MO, USA), high-speed refrigerated centrifuge (No.
LC-2019-002, Sigma-Aldrich), ultra-pure water system
(No. 201100078, Millipore, Billerica, MA, USA), 4 °C
refrigerator, —20 °C freezer, —80 °C ultra-low temperature
freezer (No. BH03G009400TXL8CDGCD, Haier, Qing-
dao, Shandong, China), disposable vacuum blood collec-
tion tube ( No. WHB-30-1, Shanghai WoHong Biolog-
ical Technology Co., LTD, Shanghai, China), ultra-high-
performance liquid chromatography-quadrupole time-of-
flight mass spectrometry (UPLC-Q/TOF-MS) (No. LC-
MS110502, Waters, Milford, MA, USA), mass spectrome-
ter TSQ8000 (No. LC-MS100702, Thermo Fisher Scien-
tific), microinjection pump (No. 6132301008519, Shen-
zhen Maiketian Biomedical Technology Co., Ltd., Shen-
zhen, Guangdong, China), MassLynx software (version
4.1, Waters), Image-Pro Plus software (version 5.0, Me-
dia Cybernetics, Rockville, MD, USA), SPSS software
(version 20.0, International Business Machines Corpo-
ration, Chicago, IL, USA), SIMCA-P software (version
11.5, Sartorius, Gottingen, Germany), vortex mixer (Serial
No0.5426YN331111, Eppendorf, Hamburg, Germany), and
scanner (Serial No.X6LW004066, Epson, Suwa, Japan).

2.2 Animal Preparation and Experimental Groups

Specific pathogen-free male Sprague—Dawley rats,
weighing 210-230 g, were purchased from Changchun
Yisi Experimental Animal Technology (Changchun, Jilin,
China). The experimental animals were housed in the Cen-
tral Laboratory of the Fourth Affiliated Hospital of Harbin
Medical University throughout the experiment, with a tem-
perature of 22 + 2 °C, a relative humidity of 55% =+ 5%,
and a light-dark cycle of 12 h each day. All animals were
fed standard food and allowed free access to water. The ani-
mals were acclimated to the rat facility for 7 days before the
experiment. Adult male rats were randomly divided into a
ciprofol group, a middle cerebral artery occlusion (MCAO)
group, and a Sham group. During the experiment, all ani-
mals were provided with proper feeding and care according
to relevant standards, and this experiment was approved by
the Animal Ethics Committee. All experiments were con-
ducted in accordance with relevant guidelines and regula-
tions.

2.3 Establishment of a Rat MCAO and Reperfusion Model

A rat MCAO model was established with reference to
the modified Zea Longa method to simulate CIRI [14]. Rats
were anesthetized by intraperitoneal injection of 2% pento-
barbital sodium (50 mg/kg) and fixed in the supine position.
A silicon rubber plug was inserted from the proximal end
of the external carotid artery (ECA) to occlude the origin
of the middle cerebral artery (reperfusion was confirmed
by laser Doppler). Ninety minutes later, the plug was gen-
tly removed, the ECA was completely ligated. The sham
surgery group only underwent incision and suturing of the
neck without any other procedures.

2.4 Drug Pump Infusion

After removing abdominal hair and disinfecting with
iodine, the femoral vein was separated on one side of the rat,
a puncture was made with a disposable intravenous punc-
ture needle, and a catheter was placed and connected to an
extension tube. Ciprofol was injected into the femoral vein
using a microinjection pump at a rate of 9 mg/kg/h starting
after successful placement of the catheter in the rat vein and
lasting for 2 h until the time of removing the plug. Rats in
other groups were infused with physiological saline at a rate
of 9 mg/kg/h [15].

2.5 Neural Behavioral Testing

After 24 h, a neurobehavioral evaluation was per-
formed. Using the modified Garcia test, the following six
parameters were tested and recorded: reperfusion spon-
taneous activity, symmetry of limb movements, forelimb
extension, climbing, body proprioception, and response to
whisker touch. The neurobehavioral scores of each group
of rats were recorded according to an 18-point neurological
scoring criteria [16].
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2.6 Measurement of the Cerebral Infarction Area

After 24 h of reperfusion, the rats were euthanized by
decapitation after intraperitoneal injection of 2% pentobar-
bital sodium and whole brain tissues were removed. Brain
tissues were frozen at —20 °C for approximately 20 min.
Then, the brain was sliced into six coronal sections on an
ice block, with each slice being approximately 2-mm thick,
and immersed in a 2% TTC solution at 37 °C for 15 min.
The volumes of the white areas of brain slices were calcu-
lated using Image-Pro Plus software, with the results repre-
senting the volume of cerebral infarction [17].

2.7 Metabolomic Analysis
2.7.1 Sample Preprocessing

The serum and ischemic brain hemispheres of rats in
the Sham (n=6), MCAO (n = 6), and ciprofol (n = 6) groups
were subjected to metabolomic analysis. First, 1050 pL of
anhydrous methanol was used to extract 350 pL of sam-
ples, which were then vortexed for 1 min and centrifuged at
12,000 rpm for 12 min at 4 °C in a high-speed, refrigerated
centrifuge. The supernatant was then transferred to a new
centrifuge tube using a micropipette and evaporated under a
vacuum. The resulting samples were dissolved in a mixture
of water and acetonitrile and were centrifuged again using
the same method to obtain the final test samples [17].

2.7.2 Chromatographic Separation Conditions

This study used a UPLC system for chromatographic
separation of samples. The mobile phase consisted of 0.1%
formic acid (part A) and acetonitrile (part B) in water. For
gradient elution, 100% part B was maintained for 2 min,
then linearly changed to 80% part B within 10 min and
maintained for 3 min, then linearly changed to 0% part B
within 15 min and maintained for 5 min, finally linearly
changed to 100% part B within 1 min and maintained for 4
min. The temperature of the automatic sampler was set at
4 °C. The sample volume for each run was 5 pL. The elu-
ate from the chromatographic column was directly analyzed
using mass spectrometry [17].

2.7.3 Mass Spectrometry

A UPLC-Q/TOF-MS was used to detect metabolites
eluted from the column. It was operated in electrospray ion-
ization (ESI+) and negative ion (ESI-) modes, with a capil-
lary voltage of 3.0 kV, an ion source temperature of 120 °C,
a desolvation temperature of 350 °C, a sampling cone volt-
age of 30 V, nitrogen desolvation, and standard settings for
positive and negative ion mode spray voltage fluctuations
and collision energy. The survey was completed in 150 ms.

2.7.4 Data Processing and Statistical Analysis

MS data were imported into MassLynx software for
further preprocessing, including peak detection and align-
ment. Each ion was identified by combining the retention
time and m/z data. All data were normalized to the total
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ion intensity of each chromatogram. Subsequently, the re-
sulting data matrix was subjected to principal component
analysis and multivariate partial least squares discriminant
analysis (PLS-DA) using R (R Foundation, Vienna, Aus-
tria).

Before PLS-DA, all variables obtained from the
UPLC-MS dataset were centered around the mean and
scaled to Pareto variance. The results were subjected to
200 random permutations and response permutation testing
(RPT) using SIMCA-P software to assess for the presence
of overfitting in the unsupervised PLS-DA model and eval-
uate its overall robustness. Variable importance in projec-
tion (VIP) values were used to weight the sum of the PLS
weights, reflecting the relative contribution of each variable
to the model. The criteria for selecting differentially ex-
pressed metabolites in this study were a VIP value in the
top 50 and a p-value of <0.05 [17].

2.7.5 Key Metabolites and Metabolic Pathways

The metabolites were detected using UPLC-Q/TOF-
MS, with the identification method determining the elemen-
tal composition of the corresponding compounds within the
error range. The HMDB and Reactome databases were used
to identify differential metabolites and metabolic pathways
[17].

Metabolites that have a significant impact on
metabolic pathways and can cause significant changes in
the plasma or brain tissues of MCAO rats were identified
as potential biomarkers. Metabolic pathway enrichment
results were obtained using Reactome for further analysis.
The number of Reactome pathways enriched with signifi-
cantly differentially expressed metabolites was determined
using hypergeometric testing.

2.8 Preparation of Extracellular Mitochondrial Membrane

Differential centrifugation was used to separate mito-
chondrial membranes from frozen brain hemispheres. After
a frozen intact brain was divided into two hemispheres
along the sagittal plane, the brain cortex with the most
damage was separated from the posterior to the anterior,
including the cortical and striatal areas. The brain tissue
was then stored in a —80 °C freezer. Frozen brain tissue
was added to a homogenizer containing 10 mL of isolation
buffer mannitol/sucrose/ethyleneglycol-bis (b-aminoethyl
ether)-N,N,N,N'-tetraacetic acid (EGTA) medium (MSE)
(225 mmol/L mannitol, 75 mmol/L sucrose, 20 mmol/L
4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid-
Tris (HEPES-Tris), 1 mmol/L Ethylene glycol-bis(2-
aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA), 1
mg/mL Bovine Serum Albumin (BSA), pH 7.4) with 80
pg/mL of penicillin and homogenized 60 times to release
low molecular weight metabolites. After centrifugation at
1500 g for 5 min at 4 °C to remove tissue fragments, the
supernatant was centrifuged at 20,000 g for 15 min at 4
°C and washed twice with MSE buffer without BSA. The
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final pellets are suspended in 60 pL of the same buffer and
stored at —80 °C until use [18].

2.9 Measurement of Mitochondrial Membrane MRCC-I
Activity

Mitochondrial respiratory chain complex I (MRCC-
I) activity was determined by spectrophotometry at 25 °C
using a microplate reader in 0.2 mL of buffer (125 mmol/L
KCl, 20 mmol/L HEPES-Tris, 0.02 mmol/L EGTA, pH 7.6)
[19]. The activity of MRCC-I at 0.15 mM of NADH was
measured at 340 nm in a buffer containing 40 pg/mL of
gentamicin and 1 mM of potassium ferricyanide (NADH
culture medium). NADH: Q reductase was measured
in a NADH culture medium containing 2 mg/mL BSA,
60 pmmol/L decylubiquinone, and mitochondrial protein.
NADH: HAR reductase was detected in the NADH culture
medium containing 1 mM HAR and mitochondrial proteins.

2.10 Data Analysis

All data were analyzed using SPSS software. The
Shapiro-Wilk test was used to check whether the data were
normally distributed. Neurobehavioral test scores were
compared using the Wilcoxon matched pair signed rank
test. In addition, one-way analysis of variance was per-
formed for comparisons of more than two groups, followed
by Tukey’s test. For the comparison of mitochondrial com-
plex I enzyme activity between different groups, multiple
t-tests with false discovery rate (FDR) correction for multi-
ple comparisons were used. The normally distributed data
are presented as the mean + standard error of the mean, and
neurobehavioral scores are shown as the median, 25th per-
centile, 75th percentile, and minimum and maximum values
in the box plot. Statistical significance was set at p < 0.05,
with one, two, and three asterisks representing significance
levels below 0.05, 0.01, and 0.001, respectively.

3. Results
3.1 The Protective Effect of Ciprofol on CIRI in Rats

The experimental schedule is shown in Fig. 1 A. Thirty
minutes before blocking the MCA, ciprofol administration
was commenced at a rate of 9 mg/kg/h through a pump for
a total duration of 2 h. Various indicators were tested af-
ter 24 h of cerebral reperfusion. The results showed that
the ischemic stroke volume percentage of the MCAO group
was 28.6 + 4.1%, whereas it was 20.3 & 3.0% in the cipro-
fol group (Fig. 1B,C), with a significant difference between
the two groups (p < 0.01). Compared to the Sham group,
the neurological behavioral scores of rats in the MCAO
group were significantly lower (p < 0.001), whereas the
neurological behavioral scores of rats in the ciprofol group
were significantly higher than those in the MCAO group
(Fig. 1D) (»p < 0.001). These results indicate that ciprofol
treatment significantly alleviated the neurofunctional dam-
age induced by cerebral ischemia-reperfusion.

3.2 Multivariate Statistical Analysis of Metabolites

This study used UPLC-Q/TOF-MS for metabolomic
analyses of serum and brain tissue samples. To further in-
vestigate the similarities and differences between the Sham,
MCAO, and ciprofol groups, we constructed a PLS-DA
model that is widely used in metabolomics research. Based
on the PLS-DA plots, we found clear separation trends in
the serum (Fig. 2A) and brain (Fig. 2B) tissues of the three
groups of rats, indicating good precision and reproducibil-
ity of the metabolomic data. The plots clearly show two
main components of serum, PC1 (30.1%) and PC2 (25.1%),
and two independent components of the brain, PC1 (37.7%)
and PC2 (11.9%), suggesting a significant effect of cipro-
fol treatment. The serum samples achieved R? Y and Q?
values of 0.492 and —0.984, respectively, in the PLS-DA
score plots, whereas the brain samples had R? Y and Q?
values of 0.331 and —1.014, indicating the good fit and re-
liability of the model. Additionally, this study used RPT to
assess the model quality, with the green regression line of
Q? points intersecting below zero on the left side of the ver-
tical axis, further validating the effectiveness of the model
(Fig. 2C,D).

3.3 Differential Expression of Substance Identification

Research findings have shown that ciprofol causes sig-
nificant changes in a variety of metabolites during the treat-
ment of MCAO rats. To explore the biological signifi-
cance of these metabolites in ciprofol-treated MCAO rats,
we identified three groups of metabolites with significant
differences. Previous studies have indicated that variables
with VIP values of >1 have a significant impact on the sep-
aration of samples in PLS-DA and can be used as criteria
for screening for differential metabolites [17,20]. However,
no study has confirmed a causal relationship between these
screened differential metabolites and cerebral ischemia in-
jury. For example: erucamide, lathosterol, and threonate,
among others. Therefore, the selection criteria used in this
study were a top-50 VIP value and p < 0.05.

Based on these screening criteria, we identified 19 dif-
ferential metabolites in the serum of the Sham, MCAO,
and ciprofol groups (Table 1). To comprehensively demon-
strate the relationships between these three groups of sam-
ples and the differences in the expression patterns of these
metabolites, we used a hierarchical clustering analysis to
determine the quality and intensity of these differential
compounds. The cluster heatmap showed variations in
FMN metabolites between the serum sample groups, with
color changes reflecting the overall changes in metabo-
lites (Fig. 3A). Compared to those in the Sham group,
the levels of lysophosphatidylethanolamine (LPE), 1-
O-hexadecyl-SN-glycero-3-phosphocholine (lyso-PAF C-
16), phosphatidylethanolamine (PE), sphinganine, and L-
carnitine were significantly increased in the MCAO group.
In contrast, the levels of these metabolites were lower in the
ciprofol group than in the MCAO group. Additionally, cit-
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Fig. 1. Neuroprotective effects of ciprofol on cerebral ischemia-reperfusion. (A) Schematic diagram of the experimental timeline.

(B) Representative TTC-stained images of the brain at 24 h after middle cerebral artery occlusion and reperfusion. The scale bar = 10 mm.
(C) Quantitative analysis of infarct volume (n = 6, F (2,15) = 150.170, p = 0.0000000001). (D) Comparison of neurological behavioral
scores at 24 h after reperfusion. Values are presented as the mean =+ standard deviation (n = 12) (** p < 0.01, *** p < 0.001). MCAO,
middle cerebral artery occlusion; TTC, 2,3,5-triphenyltetrazolium chloride; NS, normal saline.

rate, succinate, lysophosphatidylcholine (LPC), and deoxy-
cholic acid levels showed a downward trend in the MCAO
group, whereas the levels of these metabolites were further
decreased in the ciprofol group.

The analysis of brain tissue sampled from the three
groups of rats revealed differences in the presence of 31
metabolites (Table 2). The clustered heat map (Fig. 3B) il-
lustrates the changes in metabolites in the brain tissue sam-
ples. Compared to the Sham group, the levels of aspar-
tate, N-acetylaspartate (NAA), N-acetylaspartylglutamate
(NAAG), 4-hydroxyisoleucine, FMN, and pyruvate were
lower in the brain tissues of rats in the MCAO group,
whereas ciprofol reversed the decreases in these metabo-
lites in the brain tissues of rats in the MCAO group.

We then analyzed linear correlations between differ-
ent metabolites in the serum and brain samples by calculat-
ing Pearson correlation coefficients and conducting statis-
tical tests for p-values. The correlation analysis results for
serum metabolites (Fig. 4A) showed that citric acid, pyru-
vate, and lipids were highly positively correlated with lipid
substances. Correlation analysis results for different brain
metabolites (Fig. 4B) indicated that pyruvate and FMN had
high positive correlations with lipid and amino acid metabo-
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lites. However, the correlation between succinic acid and
the other metabolites was weaker. This finding suggests
that citric acid, pyruvate, FMN, lipid substances, and amino
acid metabolites play important roles in the neuroprotective
effects of ciprofol in MCAO rats.

3.4 Metabolic Pathway Analysis

To explore the potential protective mechanisms of
ciprofol against CIRI, differential metabolites were used
to construct metabolic pathways. According to the Re-
actome enrichment analysis, of the 20 pathways with the
smallest p-values in the three groups of rat serum samples,
the key metabolic pathways for neuroprotection by cipro-
fol (Fig. 5A) were the tricarboxylic acid cycle, pyruvate
metabolism, and mitochondrial respiratory chain. Path-
ways in brain tissue samples (Fig. 5B) also included steroid
metabolism, as well as pathways for aspartate and gluta-
mate metabolism. There was a clear correspondence be-
tween the enriched differential metabolites and metabolic
pathways in the three groups of rats, with citric acid
being involved in the tricarboxylic acid cycle, pyruvate
metabolism, and mitochondrial respiratory chain; pyru-
vate being involved in pyruvate metabolism and tricar-
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Fig. 2. Multivariate statistical analyses of serum and brain tissue metabolomic data. (A) PLS-DA of serum samples. (B) PLS-DA
of brain tissue samples. (C) RPT plot of the PLS-DA model for serum samples. (D) RPT plot of the PLS-DA model for brain tissue
samples. PLS-DA, partial least squares discriminant analysis; RPT, response permutation testing.

boxylic acid cycle processes; and FMN being associated
with the tricarboxylic acid cycle and mitochondrial respira-
tory chain.

To clarify the potential mechanisms, we correlated im-
portant metabolic pathways with differential metabolites,
presenting a comprehensive analysis of the effects of cipro-
fol on metabolic processes in MCAO rats (Fig. 6). The
citric acid cycle links pyruvate metabolism and mitochon-
drial respiratory chain pathways. Compared with the Sham
group, the FMN content of the brain tissue samples of the
ciprofol group were significantly downregulated, and the
MCAO group showed a further significant downregulation
of FMN content, indicating that ciprofol regulates FMN
content in the brains of MCAO rats.

3.5 Mitochondrial Membrane MRCC-I Activity

MRCC-I activity in rats with cerebral ischemia-
reperfusion is closely related to CIRI. To detect MRCC-
I activity in the mitochondrial membrane, we examined
the effects of different concentrations of ciprofol. The re-
sults showed that, after treatment with ciprofol at concen-
trations of 25, 50, and 100 pmol/L [21], the activities of the
Q enzyme and hexaammineruthenium (HAR) reductase of
MRCC-I were significantly increased (Fig. 7A,B). Within
4 h, the Q-reductase activity showed a concentration-
dependent increase with increasing concentrations of cipro-
fol. Within 1 h, the activity of HAR reductase increased
with the concentration of ciprofol; however, after 1h, cipro-

fol at 25-umol/L demonstrated higher activity compared to
the 50-umol/L concentration. These findings indicate that
ciprofol enhances the activity of MRCC-I after cerebral is-
chemia; however, the concentration dependence of HAR
reductase changes after 1 h.

3.6 Ciprofol Inhibits the Activity of Reductase HAR by
Regulating the Amount of FMN Bound to the Membrane,
Suppressing Reverse Electron Transfer (RET)

Within a 15-min time period after pretreatment with
100 umol/L of ciprofol and without any other treatments,
FMN was added, trichloroacetic acid was used as an FMN-
dissociating agent, the Epidermal Growth Factor Receptor
(EGFR) inhibitor, SF6847, was applied, and the activities
of mitochondrial membrane Q and HAR reductase were de-
termined (Fig. 8A,B). The results showed that, after treat-
ment with 10 pmol/L of FMN, the activities of both en-
zymes were upregulated. After removal of FMN from the
mitochondrial membrane with trichloroacetic acid, the ac-
tivities of both enzymes were significantly decreased in the
FMN inhibitor group, which indicates that ciprofol mod-
ulates the amount of membrane-bound FMN. Under RET
conditions, the activities of both enzymes were inhibited.
In order to inhibit the RET state, the activity of Q reduc-
tase was higher than in the RET group, but lower than in
the Control group after using the EGFR inhibitor, whereas
the activity of HAR reductase was higher than in the Con-
trol group. This result indicates that inhibition of RET by
ciprofol mainly affects the activity of HAR reductase.
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4. Discussion idant stress responses of neurons during cerebral ischemia-
reperfusion [9]. However, the effects of ciprofol on cere-
bral metabolic pathways during ischemia-reperfusion re-
main unclear. Thus, this study provides new insights into
the mechanisms underlying brain protection by ciprofol
through metabolomics and the molecular target, FMN. Our

results demonstrated that ciprofol affects the phospholipid

Ciprofol is a novel intravenous anesthetic with unique
physical and chemical properties conferred by its cyclic
structure, which involves the addition of a cyclopropyl
group to the side chain of the 2,6-di-substituted phenol of
propofol [22]. A previous study has shown that ciprofol
may exert neuroprotective effects by modulating the antiox-
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Fig. 6. Analysis of differential metabolites in the tricarboxylic acid cycle and mitochondrial respiratory chain pathway in the

three groups of rats. Results of the Kruskal-Wallis test showing significant differences in succinic acid (H(2) = 4.393, p = 0.0112),
citric acid (H(2) = 8.433, p = 0.0148), and pyruvate (H(2) = 8.047, p = 0.0179). Results of the Bonferroni correction showing significant
differences in succinic acid (adjusted p = 0.1317, MCAO group vs. ciprofol group), citric acid (adjusted p = 0.0128, Sham group vs.
MCAO group) and pyruvate (adjusted p = 0.0148, Sham group vs. MCAO group) (* p < 0.05).

metabolism pathway, tricarboxylic acid cycle, respiratory
electron transport chain, and amino acid metabolism path-
way in brains damaged by ischemia-reperfusion, potentially
regulating the activity of MRCC-I after cerebral ischemia
by modulating FMN, thereby exerting neuroprotective ef-
fects.

Ischemic brain injury can lead to metabolic pathway
disorders, which, in turn, impair neurological function [23].
Our results showed that compared with the control group,
the MCAO group had a significant increase in cerebral in-
farction volume and significant decrease in neurobehavioral
scores. Amino acid metabolism, glycerol phospholipid
metabolism, tricarboxylic acid cycle, mitochondrial oxi-
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dation respiratory chain, and other pathways and metabo-
lites in the MCAO group were significantly changed. This
is consistent with the results of previous studies [24,25].
Changes in metabolic profiles may play an important role
in the etiology and therapeutic targeting of various diseases.
Studies have shown that potential therapeutic sites in the
metabolic pathways of rat brains after cerebral ischemia-
reperfusion include steroid metabolism, glycerophospho-
lipid metabolism, alanine metabolism, aspartate and gluta-
mate metabolism, the tricarboxylic acid cycle, and the res-
piratory electron transport chain [26-31].

Our study has found that enrichment values of the tri-
carboxylic acid cycle and mitochondrial oxidative respira-
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tory chain were higher after a ciprofol intervention. One
of the key mechanisms underlying CIRI is a disruption of
energy metabolism [29]. The tricarboxylic acid cycle and
mitochondrial respiratory chain are the main pathways for
obtaining energy [32,33]. Dysfunction of these pathways
during CIRI may lead to energy production disorders, re-
sulting in brain tissue damage. Our results show that cipro-
fol can upregulate the content of FMN and downregulate
the succinic acid content in these two pathways. A study
has shown that ischemic brain injury leads to succinic acid
accumulation in brain tissue, and, in the initial minutes
of reperfusion, succinate dehydrogenase rapidly oxidizes
these accumulated succinic acids to drive the production of
superoxide in the mitochondria [34]. Therefore, reducing
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ischemic succinate accumulation may alleviate CIRI in the
brain. After 24 h of reperfusion, succinic acid metabolism
may be normalized and the succinic acid level returned to
baseline value due to the gradual recovery of Succinate de-
hydrogenase (SDH activity) [35]. The results of this study
showed that after 24 h of reperfusion, there was no differ-
ence in succinic acid level in the MCAO group compared
with that in the Sham group. This finding is consistent with
that of previous studies. However, the VIP values of suc-
cinic acid in serum samples were low, indicating its lim-
ited importance. In contrast, FMN is a distinctly differ-
ent metabolite. Non-valent binding of FMN to mitochon-
drial complex I may have a protective effect on ischemia-
reperfusion brain. FMN deficiency complex I does not per-
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Table 1. Differential metabolic substances in the brain

Table 2. Differential metabolic substances in the serum

between three groups. between three groups.
Metabolite VIP value p-value Metabolite VIP value p-value
Erucamide 5.0291357 0.0497359 1-Stearoyl-2-Arachidonoyl PC ~ 5.383391607  0.001416961
N-Acetylaspartic acid 4.8755229 0.0000344 LPC 18:2 3.797437784  0.003617146
Lathosterol 4.4977343 0.0337705 Palmitoylcarnitine cation 3.486276568  0.000458000
LPE 16:0 2.9807346 0.0049651 FA 18:2+20 2.751816182  0.004745506
N-Acetylaspartylglutamic acid 2.7292153 0.0027227 Lyso-PAF C-16 2.643654672  0.000231106
LPC 18:1 2.3136287 0.0060075 LPC 18:1 2.409469758  0.001830447
Pantothenic acid 2.0607321 0.0143361 Citric acid 2.363239461  0.001501018
Aspartic acid 2.0025866 0.0000090 Deoxycholate 1.757289487  0.038394668
URATE 1.9211953 0.0211415 L-Carnitine 1.723285476  0.000162688
Ascorbic acid 1.8800543 0.0135255 Sphinganine 1.368068147  0.008981335
Glutathione, oxidized 1.6330243 0.0001156 LPE 18:1 1.337447676  0.028772132
2-Methylbutyroylcarnitine 1.5984963 0.0026922 PE(16:0/0:0) 1.295700045  0.002692241
Glutathione (oxidized) 1.5712596  0.0008850 Tri(butoxyethyl) phosphate 1.173439887  0.018705785
Lyso-PAF C-16 1.3892906 0.0355122 12(R)-HEPE 1.124474759  0.021640872
Threonate 1.3584918 0.0016951 Betaine 1.071909219  0.049841179
Spermidine 1.3354016 0.0334715 TXB2 0.894726424  0.007038942
L-Pyroglutamic acid 1.3103007 0.0465312 Alanylleucine (isomer of 675)  0.735835699  0.000620190
D-Myoinositol 4-phosphate 1.2319886  0.0356007 Pyruvate 0.731008846  0.023099686
Lysine 1.1793463 0.0165820 FA 18:4+20 0.711020642  0.011873160
Tri(butoxyethyl) phosphate 1.1726142 0.0045967 Note: Differential metabolite VIP and p values among three
Indolelactic acid 1.0751668  0.0000130 groups of rat serum tissue samples.
L-Methionine 1.0576214 0.0009989
MALEIC ACID 1.0349934 0.0005902
Inosine 09474527 0.0380657 in the mitochondria in free and membrane-bound forms and
Pyruvate 09126423 0.0292241 is essential for ATP and NADH generation [41]. ATP and
DEOXYCARNITINE 0.8609674  0.0380656 NADH regulate mitochondrial function and alleviate neu-
Adenosine 5'-monophosphate 08217201 0.0016711 ronal cell death [42,43]. Therefore, FMN plays a crucial
4-Hydroxyisoleucine 07987548  0.0032812 role in protecting the brain during ischemia-reperfusion.
Butyryl-L-carnitine 07970167  0.0338654 Rats treated with riboflavin exhibit a reduction in MRCC-
Flavine mononucleotide (FMN) ~ 0.7953430 00062147 I activity during brain ischemia/reperfusion, thereby de-
trans-Cinnamic acid 07675618  0.0254009 creasing the incidence of CIRI [18]. A study has sug-

Note: Differential metabolite VIP and p values among three
groups of rat brain tissue samples. VIP, variable importance in
projection.

form physiological NADH oxidation and does not promote
energy production [36]. Upon reperfusion, the dissociated
FMN can be rapidly re-oxidized by oxygen, producing an
equimolar amount of hydrogen peroxide in the matrix and
significantly leading to I/R-induced oxidative stress and tis-
sue damage [19]. This leads us to speculate that it may be an
important target for ciprofloxacin to alleviate CIRI [37,38].

Riboflavin is a biological precursor of FMN and flavin
adenine dinucleotide (FAD), which play crucial roles in
normal development, growth, reproduction, lactation, and
overall health [39]. The human body cannot synthesize ri-
boflavin on its own; instead, it must be obtained through
dietary intake. After absorption in the intestine, riboflavin
is transported to various tissues and cells via the riboflavin
transporter (REVT)/SLC52A), and its synthesis is regulated
by riboflavin kinase and FAD synthetase [40]. FMN exists
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gested that, during brain ischemia-reperfusion, succinate-
supported reverse electron flow leads to a dissociation of
FMN from MRCC-, resulting in decreased activity, which
is considered a new mechanism of CIRI [44]. Our results
show that ciprofol inhibits RET by regulating the amount
of membrane-bound FMN, thereby enhancing HAR reduc-
tase activity. Additionally, riboflavin is associated with a
protection of cognitive function, possibly due to its anti-
inflammatory and antioxidant properties [45].

MRCC-I is a membrane-bound protein that contains
noncovalently bound FMN and eight iron-sulfur proteins
[46]. During cerebral ischemia-reperfusion, the amount
of FMN bound to the mitochondrial membrane decreases,
leading to decreases in MRCC-I activity [38]. Therefore,
MRCC-I activity during cerebral ischemia-reperfusion is
worthy of attention. Following ischemia-reperfusion, the
activity of MRCC-I in the mitochondrial oxidative respi-
ratory chain was most sensitive to its influence, whereas
MRCC II-IV values were almost fully recovered at 1-6 h
after reperfusion [47]. Reduced MRCC-I activity impairs
electron chain transfer, disrupts energy balance, and affects
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ATP synthesis, thereby affecting mitochondrial biogenesis
and energy metabolism, which are closely related to the
neuroprotective mechanism of cerebral ischemia [48]. Our
study shows that ciprofol promotes MRCC-I activity after
cerebral ischemia, with changes in the concentration depen-
dency of HAR reductase occurring after 1 h. In addition,
on the inner mitochondrial membrane, the electron trans-
port chain generates a proton gradient through mitochon-
drial respiratory chain complexes to drive ATP synthesis
[49].

5. Conclusions

Ciprofol affects phospholipid metabolism, the tricar-
boxylic acid cycle, the mitochondrial oxidative respiratory
chain pathway, and amino acid metabolic pathways in the
brains of rats with CIRI. Our study further verifies that
ciprofol targets MRCC-I activity by regulating membrane-
bound FMN content, which may be its specific molecular
mechanism for brain protection.
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