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Abstract: Bone marrow mesenchymal stem cells (BMMSCs) possess the potential for multidirectional differentiation 
and are involved in tissue regeneration, repair, and tumor progression. Remimazolam is a novel ultra-short-acting 
intravenous benzodiazepine sedative used for general anesthesia and procedural sedation. Propofol is a commonly 
applied intravenous anesthetic in clinical practice, featuring a rapid onset, short duration of action, and quick recov-
ery. It has been reported that propofol exerts adverse effects on stem cell functions, yet few studies have compared 
the two agents for general anesthesia induction. Therefore, we aimed not only to evaluate the inhibitory effects of 
remimazolam and propofol on BMMSC biological functions but also to compare their relative impacts on BMMSC 
proliferation, migration, stemness, and subsequent tumor-promoting capacity in vitro. CCK-8 cell viability and colony 
formation assays were performed to detect BMMSC proliferation. Adipogenic and osteogenic differentiation assays 
were used to assess the multidirectional differentiation potential of BMMSCs. Additionally, network pharmacology 
analysis was employed to explore the common target genes of remimazolam and propofol and their associated sig-
naling pathways. The effects of conditioned medium from BMMSCs treated with remimazolam or propofol on gastric 
cancer cell lines were investigated using transwell assays, flow cytometry, and western blot. The results showed 
that remimazolam inhibited the proliferation and migration of BMMSCs, suppressed osteogenic differentiation, 
promoted adipogenic differentiation, and reduced the stemness of BMMSCs. Compared with propofol treatment, 
remimazolam exerted a less pronounced inhibitory effects on these biological processes of BMMSCs. Network phar-
macology analysis revealed that remimazolam modulates the paracrine level of the cytokine IL-8 mainly through 
the PI3K/AKT pathway. Furthermore, remimazolam further attenuated the tumor-promoting effect of BMMSCs on 
gastric cancer cells. In conclusion, remimazolam exerts stronger inhibitory effects on the stemness and paracrine 
function of BMMSCs than propofol, thereby reducing their tumor-promoting capacity to a greater extent. Our study 
focuses on remimazolam and provides experimental evidence for the rational clinical application of anesthetics.
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Introduction

BMMSCs are resident stromal cells present in 
nearly all tissues, including the heart, where 
they play a pivotal role in tissue regeneration 
and repair [1]. MSCs have been extensively 
exploited for tissue engineering and cell rep- 
lacement therapies, owing to their inherent 
capacity for multidirectional differentiation 
[2-5]. In recent years, numerous studies have 
also investigated the functional role of MSCs in 

tumor progression [6, 7], a process in which the 
paracrine secretion of various cytokines is 
known to exert a critical regulatory effect [8, 9]. 
Given the promising clinical potential of MSCs, 
any damage to these cells or impairment of 
their biological functions is likely to compromise 
tissue regenerative capacity. Correspondingly, 
elucidating the factors that modulate the tumor-
promoting properties of MSCs is of great trans-
lational significance for both basic research 
and clinical practice.

http://www.ajtr.org
https://doi.org/10.62347/GOBJ9420
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Remimazolam is an ultra-short-acting benzodi-
azepine sedative-anesthetic approved for clini-
cal use in general anesthesia induction, main-
tenance, and procedural sedation [10]. Multiple 
studies have validated the efficacy and safety 
of remimazolam for general anesthesia and 
sedative procedures [11]. By contrast, propofol 
remains the first-line agent for total intravenous 
anesthesia, attributed to its predictable onset, 
rapid and consistent recovery profile, as well as 
favorable safety and efficacy profiles. Accumu- 
lating evidence indicates that anesthetics can 
modulate the differentiation of mesenchymal 
stem cells (MSCs) [12, 13]. For instance, BM- 
MSCs have been induced to differentiate into 
neural-like cells to facilitate the repair of injured 
spinal cords [14]. Recent clinical trials have 
also compared the effects of these two ag- 
ents on psychomotor function recovery [15, 
16]. However, the impacts of remimazolam and 
propofol on the biological functions of BMMSCs 
remain poorly elucidated. Given the widespread 
clinical use of both anesthetics and the critical 
role of BMMSCs in tumor progression, the pres-
ent study aimed not only to assess whether 
remimazolam and propofol can inhibit BMMSC 
biological functions but also to compare their 
relative inhibitory impacts on BMMSCs and 
their tumor-promoting capacity. We further ex- 
plored the underlying molecular mechanisms 
to provide an experimental basis for the ratio-
nal clinical administration of these two com-
monly used anesthetics.

Materials and methods 

Cell culture

Healthy donor-derived bone marrow was col-
lected in a heparin anticoagulant tube at the 
Affiliated Hospital of Jiangsu University, and all 
protocols were approved by the local ethics 
committee of the Affiliated Hospital of Jiangsu 
University, China. The collected bone marrow 
was slowly added to a centrifuge tube with an 
equal volume of PBS along the tube wall and 
gently blown and mixed. Bone marrow fluid 
diluted in PBS was slowly added to 1.077 g/mL 
Ficoll, the human lymphocyte separation solu-
tion, along the tube wall. The centrifuge was set 
to slow rise and drop, 800 g, and centrifuged 
for 20 min. BMMSCs are found in the tunica 
albuginea layer in the interface between the 
plasma and separation solution. The white 
membrane layer was mixed into PBS and then 

rinsed. Cells were resuspended in α-MEM  
nutrient solution containing 10% FBS. The 
human gastric cancer cell line HGC-27 was pur-
chased from the Cell Bank of Type Culture 
Collection of the Chinese Academy of Scien- 
ces and then cultured in RPMI 1640 medium 
(Biological Industries, USA) supplied with 10% 
FBS. All cells were maintained at 37°C in a 
humidified atmosphere of 5% CO2.

Flow cytometry 

The ALDH activity was assayed using the ALD- 
EFLUOR Kit and following the manufacturer’s 
instructions (Stemcell, Canada). Diethylamino- 
benzaldehyde (DEAB) was added to each sam-
ple as a negative control.

Cell viability assay 

We performed the Cell Count Kit-8 assays to 
assess the potential effects of assessing the 
half-maximal inhibitory concentration of propo-
fol and Remimazolam. Following the instruc-
tions, the BMMSCs were pre-treated with pro-
pofol and Remimazolam for 48 h. Cells were 
seeded into 96-well plates at a density of 2 × 
103 per well and incubated overnight at 37°C  
in 5% CO2. Subsequently, 10 μL of the CCK-8  
solution and 90 μL of fresh complete medium 
were added to each well. Absorbance values at 
450 nm were measured. 

Adipogenic and osteogenic differentiation of 
BMMSCs

BMMSCs treated with propofol and remimazol-
am were cultured in six-well plates. When the 
confluence of the bottom cells reached 85%, 
the discarded medium was replaced with adip-
ogenic differentiation medium or osteogenic 
differentiation medium and continued in the 
incubator at 37°C, 5% CO2. Subsequently, the 
adipogenic differentiation medium and osteo-
genic differentiation medium were changed 
every three days. The evolution of cell morphol-
ogy was observed simultaneously by microsco-
py. The culture phase was terminated until lipid 
droplet formation was visible inside the cells, 
and the oil red O staining procedure was per-
formed. The osteogenic differentiation medium 
was changed every three days, and the culture 
was stopped for 18 days for alizarin red S 
staining.
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Colony formation assay

BMMSCs treated with propofol and remimazol-
am in the six-well plate were centrifuged by 
trypsin digestion. After collecting cells, the cells 
were resuspended in 1 mL PBS and counted. A 
total of 1,500 cells, in three duplicate groups, 
from the counted cells, were inoculated into 
Corning 35 mm with 2 mL of culture medium in 
cell culture dishes. The change was observed 
every three days, and the clonal morphology 
was observed for 10-14 days, which terminated 
when cells were grouped. Small dishes were 
washed with PBS, fixed with 4% paraformalde-
hyde at 4°C for half an hour, and residual para-
formaldehyde was removed in PBS. The cells 
were stained with crystal violet for 15 min. The 
crystal violet dye solution was recovered, the 
residual crystal violet was removed with PBS, 
and the number of clones was photographed.

Western blot

Cell proteins were extracted on ice using a To- 
tal protein extraction kit (Keygen Technology, 
China). After determining protein concentra-
tion, 20 μg of total protein from each sample 
was separated with 10% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis and 
then transferred to polyvinylidene fluoride 
membranes (Millipore, Billerica, MA, USA). The 
PVDF membranes were incubated with primary 
antibodies at 4°C overnight after blocking with 
5% skim milk for 1 hour and washed with TBST 
three times, 5 min each. Then, membranes 
were incubated with secondary antibodies at 
37°C for 1 h. Finally, the blots were visualized 
using the enhanced chemiluminescent detec-
tion system (Millipore, Billerica, MA, USA) and 
analyzed using Image-Pro Plus version 5.1 
(Media Cybernetics Inc, Rockville, MD, USA). 
Sources of primary antibodies were shown  
as follows: anti-C-MYC, NANOG, SOX2, SAL- 
L4, BAX, P-AKT, T-AKT (1:1000, Cell Signaling 
Technology, USA), CTCF (1:1,000, Abcam,  
UK), CD44 (1:1000, Wanleibio, CHINA), BCL-2 
(1:1000, R&D Systems, USA), β-actin (1:4,000, 
Cell Signaling Technology, USA). The secondary 
antibodies used in the study were goat anti-
mouse and anti-rabbit secondary antibodies 
(both diluted to 1:3,000, Cell Signaling Te- 
chnology, USA) conjugated with horseradish 
peroxidase.

Quantitative real-time reverse transcription-
polymerase chain reaction (qRT-PCR)

Total RNA was isolated using Trizol reagent 
(Ambion) from BMMSCs under different treat-
ments of propofol and remimazolam. Quanti- 
tative reverse transcription PCR (qRT-PCR) was 
performed using Ultra SYBR (CWBIO, China) 
according to the manufacturer’s instructions. 
The primer sequences used in the study are as 
follows: PPAR-γ (forward: 5’-GCCTGCATTTCTG- 
CATTCTG-3’, reverse: 5’-CACGGAGCTGATCCCA- 
AAG-3’); OPN (forward: 5’-CAGTTGTCCCCACAG- 
TAGACAC-3’, reverse: 5’-GTGATGTCCTCGTCTG- 
TAGCATC-3’); ALP (forward: 5’-GCCATTGGCAC- 
CTGCCTTAC-3’, reverse: 5’-AGCTCCAGGGCATAT- 
TTCAGT-3’); RUNX2 (forward: 5’-CACTGGCGC- 
TGCAACAAGA-3’, reverse: 5’-CATTCCGGAGCTC- 
AGCAGAATAA-3’).

Network pharmacology analysis

The linear representation of the 2D structure 
and Canonical SMILES chemical structure  
for propofol and remimazolam were down- 
loaded from the PubChem database (https:// 
pubchem.ncbi.nlm.nih.gov/). The propofol and 
remimazolam-related target genes were pre-
dicted from the Super-PRED database (https://
prediction.charite.de/). The KEGG pathway an- 
alysis and HALLMARK analysis of common tar-
gets were performed in SangerBox software 
(http://sangerbox.com/).

Sphere formation assay 

First, 2 × 103 GC cells were cultured in serum-
free RPMI-1640 containing EGF (20 ng/mL, 
PeproTech, USA), b-FGF (20 ng/mL, PeproTech), 
and B27 (2%, BD Biosciences, USA) and then 
plated in six-well ultralow attachment plates 
(Corning). After 10 days, the formed spheres 
were imaged using a phase-contrast micro- 
scope.

Transwell migration and invasion assay

To detect the tumor-promoting ability of BM- 
MSCs, HGC-27 cells were pre-treated with BM- 
MSCs-CM, 5 × 104 HGC-27 were suspended in 
200 µL of serum-free RPMI-1640 and seeded 
in the upper compartment of transwell filters 
with 8 μm pores (Corning, USA). RPMI-1640 
containing 10% FBS was added to the bottom 
well to allow cell migration following the con-
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centration difference. After incubation for 16 h, 
the migrated cells were fixed for 15 min using 
4% paraformaldehyde (Hushi, China), stained 
with crystal violet, and visualized at 200 × with 
the inverted biological microscope. In the inva-
sion experiment, Matrigel was spread in the 
supramembrane compartment. Next, 6 × 104 
HGC-27 cells suspended in 200 µL serum-free 
RPMI-1640 were spread in the upper chamber 
of Transwell. RPMI-1640 containing 10% FBS 
was added to the bottom well to allow cell 
migration following the concentration differ-
ence. After 8 hours, we used a cotton swab to 
remove the cells that did not migrate. Migrated 
cells were fixed with 4% formaldehyde for 30 
min and then photographed and counted in 
three random fields for each well under the 
microscope (Nikon).

Cell cycle analysis

A total of 1 × 105 cells per well were seeded 
into six-well plates, incubated overnight, and 
then treated with Pro-BMMSCs-CM and Rem-
BMMSCs-CM. After 48 h, 1 × 106 cells per well 
were collected by centrifugation and stained 
with propidium iodide in PBS for 30 min at 4°C 
in the dark before being analyzed with flow 
cytometry.

Statistical analysis 

GraphPad Prism (version 7.02) was employed 
for statistical analyses. Data is presented as 
means ± standard deviation (SD). The variance 
was similar between the groups being com-
pared. Statistical significance was calculated 
using the Student’s t-test or one-way analysis 
of variance. P < 0.05 was considered to be sta-
tistically significant.

Results

Inhibition of propofol and remimazolam on the 
cell viability of BMMSCs 

Mesenchymal stem cells isolated and cultured 
from bone marrow tissue exhibited positive 
expression of mesenchymal markers (CD90, 
CD105, CD29) and negative expression of 
hematopoietic markers (CD45, CD34, CD19). 
We evaluated the effects of propofol and 
remimazolam on BMMSC viability. Both anes-
thetics induced a reduction in BMMSC viability, 
with propofol exerting a significant dose-depen-
dent inhibitory effect compared to the control 

group. Similarly, remimazolam treatment result-
ed in a significant decrease in BMMSC viability 
following 48 h of exposure (Figure 1A, 1B). 
Based on these viability data, we selected 500 
μg/mL propofol and 300 μg/mL remimazolam 
for all subsequent experiments. We further 
observed the morphological changes of BMM- 
SCs after anesthetic treatment: compared with 
control cells, propofol-treated BMMSCs exhib-
ited typical apoptotic features, including mem-
brane blebbing and cytoplasmic contraction 
(Figure 1C). In contrast, remimazolam-treated 
BMMSCs maintained a spindle-shaped, fibro-
blast-like morphology with firm adherence to 
the culture substrate, which was analogous to 
the growth phenotype of normal BMMSCs.

The effect of propofol and remimazolam on 
the differentiation potential of BMMSCs 

Due to the multidirectional differentiation po- 
tential of MSCs, we performed the adipogenic 
or osteogenic differentiation of BMMSCs in the 
presence of a specific differentiation medium. 
The results showed a significant decrease in 
the adipogenic and osteogenic differentiation 
of BMMSCs treated with propofol and remima-
zolam (Figure 2A, 2B). We also found that this 
inhibition was more pronounced after co-treat-
ment with these two anesthetics. The expres-
sion of osteogenesis-related gene (ALP, OPN, 
RUNX2) and adiponectin-related gene (PPAR-γ) 
was also significantly decreased (Figure 2C). 

Propofol and remimazolam inhibit the prolif-
eration, migration, and stemness of BMMSCs

We performed a colony formation assay to eval-
uate the self-proliferative capacity of BMMSCs 
treated with propofol or remimazolam. Com- 
pared with the control group, BMMSCs treated 
with either anesthetic exhibited significantly 
reduced self-proliferative potential (Figure 3A). 
Additionally, the Transwell migration assay de- 
monstrated a marked decrease in the migrato-
ry capacity of BMMSCs following treatment 
with both anesthetics (Figure 3B, 3C). Western 
blot analysis was employed to detect changes 
in the expression levels of stemness-related 
transcription factors in BMMSCs; the results 
showed that both propofol and remimazolam 
significantly downregulated the expression of 
stemness transcription factors, including SOX2 
and NANOG. Moreover, the expression levels  
of stemness-associated markers CD44 and 
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c-MYC were also significantly decreased (Figure 
3D). Notably, compared with propofol treat-
ment, remimazolam exerted a less pronounced 
inhibitory effect on BMMSC proliferation, migra-
tion, and stemness maintenance.

Propofol and remimazolam function on 
BMMSCs via the PI3K/AKT pathway

A total of 79 potential targets for propofol and 
96 potential targets for remimazolam were 
retrieved from public databases. Data analy- 
sis was performed using Sangerbox software 
(Figure 4A). Subsequently, 40 common targets 

were identified, and these common targets 
were subjected to KEGG signaling pathway 
enrichment analysis and HALLMARK pathway 
analysis (Figure 4B, 4C). The enrichment re- 
sults indicated that the PI3K/AKT signaling 
pathway was the most closely associated path-
way with the common targets. Consistent with 
this in silico finding, Western blot analysis dem-
onstrated a reduction in AKT phosphorylation 
levels in BMMSCs following 48 h of treat- 
ment with propofol or remimazolam (Figure 
4D). Given that BMMSCs exert their biological 
functions primarily through paracrine secre-
tion, we further detected the level of IL-8. The 

Figure 1. Inhibition of propofol and remimazolam on cell viability of BMMSCs. A, B. Cultured BMMSCs were treated 
with various concentrations of propofol or remimazolam for 48 h. Cell viability was assessed using the CCK-8 assay, 
with the absorbance of each well measured at 450 nm. The relative absorbance value of the control group was 
set as 100% (used as the reference). Significant differences between the control and the group treated with pro-
pofol and remimazolam. C. Effects of propofol and remimazolam on the morphological characteristics of BMMSCs. 
BMMSCs were seeded in 96-well plates and treated with 500 μg/mL propofol or 300 μg/mL remimazolam for 48 
h. Morphological changes were observed under a light microscope. Quantitative statistics are shown as means ± 
SD. ***P < 0.001.
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Figure 2. The effect of propofol and Remimazolam on the differentiation potential of BMMSCs. A, B. BMMSCs 
were cultured at 500 μg/mL propofol and 300 μg/mL remimazolam with adipogenic or osteogenic differentiation 
medium. After adipogenic differentiation culture for 2 weeks or after osteogenic differentiation for 3 weeks, the 
cells were fixed and stained with oil red O (adipogenic differentiation) or alizarin red S (osteogenic differentiation). C. 
Cells cultured after adipogenic and osteogenic differentiation were collected and subjected to quantitative real-time 
PCR to detect the osteoblast markers ALP, OPN, and RUNX 2, as well as the adipocyte marker PPAR-γ. Quantitative 
statistics are shown as means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

results showed that propofol and remimazolam 
treatment significantly downregulated IL-8 se- 
cretion in BMMSCs. Additionally, quantitative 
analysis revealed that the mRNA expression 
level of IL-8 was also significantly decreased in 
treated BMMSCs compared to the control 
group (Figure 4E, 4F).

BMMSCs treated with propofol and remimazol-
am inhibited gastric cancer cell proliferation, 
migration, and invasion in vitro 

Accumulating evidence has demonstrated that 
tumor-recruited MSCs promote metastasis and 
enhance the proliferation and migration of gas-
tric cancer cell lines [17, 18]. Therefore, we fur-
ther investigated the effects of propofol and 
remimazolam on the tumor-promoting capacity 

of BMMSCs. The conditioned medium (CM) was 
collected from BMMSCs treated with propofol 
or remimazolam (designated as Pro-BMMSCs-
CM and Rem-BMMSCs-CM, respectively), and 
this CM was subsequently used to treat gastric 
cancer cells to evaluate changes in their prolif-
eration, migration, and invasion. Colony forma-
tion and cell proliferation assays showed that 
HGC-27 cells treated with Pro-BMMSCs-CM or 
Rem-BMMSCs-CM exhibited significantly redu- 
ced proliferative capacity; notably, the tumor-
promoting effect of BMMSCs on HGC-27 cells’ 
growth was more markedly attenuated when 
BMMSCs were co-treated with both anesthet-
ics (Figure 5A, 5B). Additionally, the migratory 
ability of gastric cancer cells was significant- 
ly decreased following treatment with Pro-
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Figure 3. The effect of propofol and Remimazolam 
on the proliferation, migration, and stemness of 
BMMSCs. A. Colony formation assays were per-
formed to assess the proliferative capacity of 
BMMSCs treated with 500 μg/mL propofol or 300 
μg/mL remimazolam for 48 h. B, C. Transwell migra-
tion assays were conducted to evaluate the migrato-
ry ability of BMMSCs treated with 500 μg/mL propo-
fol or 300 μg/mL remimazolam for 48 h (scale bar: 
50 μm). D. Western blot analysis was performed to 
determine the expression levels of stemness-asso-
ciated markers in BMMSCs following treatment with 
500 μg/mL propofol or 300 μg/mL remimazolam 
for 48 h. Quantitative statistics are shown as means 
± SD. **P < 0.01, ****P < 0.0001.
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BMMSCs-CM or Rem-BMMSCs-CM (Figure 5C, 
5D). Consistent with these findings, the tran-
swell invasion assay yielded similar results, 
showing a significant reduction in the invasive 

capacity of gastric cancer cells. Collectively, 
these results indicate that propofol and re- 
mimazolam can impair the tumor-promoting 
ability of BMMSCs (Figure 5E, 5F).

Figure 4. Propofol and Remimazolam function on BMMSCs via the PI3K/AKT pathway. A. Wayn showed targets for 
propofol and remimazolam collected from databases. B, C. KEGG pathway enrichments and HALLMARK analysis 
with the common target gene clustered in propofol and remimazolam. D. Western blot was performed to detect the 
change of AKT in BMMSCs. E, F. The levels of IL-8 protein and mRNA in the culture supernatant of BMMSCs were 
measured. Quantitative statistics are shown as means ± SD. *P < 0.05, ****P < 0.0001.
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Figure 5. BMMSCs treated with propofol and remimazolam inhibited gastric cancer cell proliferation, migration, and 
invasion in vitro. A, B. The Colony formation assay and cell counting kit-8 assay were used to detect the prolifera-
tion of HGC-27 cells after being treated with BMMSCs-CM. C, D. Transwell migration (scale bar, 50 μm) assays were 
performed in HGC-27 following BMMSCs-CM treatment. E, F. Invasion (scale bar, 50 μm) assays were performed in 
HGC-27 following BCMSCs-CM treatment. Quantitative statistics are shown as means ± SD. ***P < 0.001, ****P 
< 0.0001.

Propofol and remimazolam can weaken the 
effects of BMMSCs-CM on cell stemness and 
cycle progression in gastric cancer cells

We found that the sphere-forming capacity of 
HGC-27 gastric cancer cells was significantly 
reduced following treatment with Pro-BMMSCs-
CM or Rem-BMMSCs-CM (Figure 6A, 6B). Addi- 
tionally, Pro-BMMSCs-CM and Rem-BMMSCs-
CM treatment decreased ALDH activity in CSCs 
(Figure 6C). Moreover, the protein expression 
levels of the stemness-associated markers 
Sall4 and CTCF were downregulated in HGC-27 
cells treated with these two conditioned media 
(Figure 6D). With respect to cell cycle distribu-
tion, Pro-BMMSCs-CM and Rem-BMMSCs-CM 
treatment slightly decreased the percentage  
of HGC-27 cells in the G1 phase from approxi-
mately 60% to 55%, though this change was 
not statistically significant. Furthermore, Wes- 
tern blot analysis demonstrated that Pro-BM- 
MSCs-CM and Rem-BMMSCs-CM treatment 
reduced the expression of Bcl-2, a key anti-
apoptotic protein that inhibits cell apoptosis 
(Figure 6E, 6F).

Discussion 

BMMSCs, which reside in nearly all tissues of 
the human body, participate in the repair of 
damaged tissues and exert immunosuppres-
sive effects by modulating immune responses. 
These functional properties are attributed to 
their inherent capacity for multidirectional dif-
ferentiation and the secretion of trophic fac-
tors. In addition, the role of BMMSCs in tumor 
progression has been extensively investigated 
[19-21]. Accumulating evidence indicates that 
hBMMSC-CM can upregulate c-Myc expression 
in gastric cancer cells, which may serve as a 
key driver of carcinogenesis.

Propofol, a traditional intravenous anesthetic, 
has been shown to affect the differentiation 
capacity of stem cells, as well as other biologi-
cal processes such as nerve regeneration and 
spinal cord injury repair. Remimazolam, a novel 
reversible ultra-short-acting benzodiazepine, 

exerts sedative effects as a positive allosteric 
modulator of the γ-aminobutyric acid type A 
(GABAA) receptor [22]. Its high water solubility 
and metabolism by tissue esterases enable 
rapid induction of sedative anesthesia [23]. 
Compared with other similar intravenous seda-
tives, remimazolam exhibits advantages includ-
ing rapid onset, short recovery time, favorable 
cardiopulmonary safety, and excellent pharma-
cokinetic profiles. Currently, remimazolam has 
been approved for clinical use in anesthesia, 
and numerous experimental studies have dem-
onstrated that it can achieve effective and safe 
anesthetic effects when administered alone or 
in combination with other agents [24]. Propofol, 
as a conventional intravenous anesthetic, has 
been widely used for the induction and mainte-
nance of clinical anesthesia [25]. Several clini-
cal trials and studies have compared these  
two anesthetics in terms of psychomotor func-
tion, hemodynamic parameters, and post-anes-
thetic recovery [26, 27]. Moreover, researchers 
have focused on the role of propofol in tumor 
progression [28]. However, there is a paucity  
of research regarding the effects of remima-
zolam on tumor biology. In the present study, 
we mainly investigated the biological impacts 
of remimazolam (a novel anesthetic) and pro- 
pofol (a traditional anesthetic) on BMMSCs, 
and further explored the underlying molecular 
mechanisms. This work aims to provide experi-
mental evidence to support the rational clinical 
application of these anesthetics.

BMMSCs were isolated from fresh clinical bone 
marrow samples and cultured in vitro. Flow 
cytometry analysis was performed to charac-
terize their surface marker profile, confirming 
the phenotypic identity of the isolated cells. 
Cell viability assays demonstrated that remi- 
mazolam and propofol inhibited BMMSC vi- 
ability in a concentration-dependent manner. 
Under light microscopy, both anesthetics were 
observed to induce membrane blebbing and 
cytoplasmic shrinkage in BMMSCs-morphologi- 
cal features suggestive of cell death-indicating 
that these two drugs may trigger BMMSC death 
at high concentrations [29]. Given that multidi-
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Figure 6. Propofol and Remimazolam can weaken the effects of BMMSCs-CM on cell stemness and cycle pro-
gression in gastric cancer cells. A, B. Sphere formation (scale bar, 200 μm) assays were performed in HGC-27 
following BMMSCs-CM treatment. C. The ALDH activity of HGC-27 was tested by ALDEFLUOR analyses. Propofol 
and remimazolam were added to BMMSCs-CM and incubated at room temperature for 1 h earlier. D. Western 
blotting was performed to determine the expression of Bcl-2 and Bax in HGC-27 cells. E, F. The changes in cell cycle 
distribution were not significant after three experiments. Quantitative statistics are shown as means ± SD. **P < 
0.01, ***P < 0.001.
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rectional differentiation capacity is a core char-
acteristic of BMMSCs, we evaluated their adip-
ogenic and osteogenic differentiation potential 
via in vitro induction with lineage-specific dif-
ferentiation media [30]. Staining results revea- 
led that propofol exerted a more potent inhibi-
tory effect on BMMSC differentiation than re- 
mimazolam; notably, the inhibitory effect was 
most pronounced when BMMSCs were co-
treated with both anesthetics. Consistent with 
these phenotypic observations, RT-qPCR as- 
says showed that the expression levels of adi-
pogenesis- and osteogenesis-related genes 
were significantly downregulated following an- 
esthetic treatment, with the most prominent 
inhibition observed in the combined treatment 
group. It has been reported that BMMSCs can 
be recruited to tumor sites, where they are edu-
cated by the tumor microenvironment to pro-
mote tumor growth. To explore the effects of 
remimazolam and propofol on BMMSC migra-
tory capacity, we performed Transwell migra-
tion assays. The results indicated that BMMSC 
migration was substantially inhibited when the 
two drugs were administered in combination. 
The ability to maintain self-renewal and multidi-
rectional differentiation is a hallmark of BM- 
MSC stemness [31]. Western blot analysis was 
therefore conducted to assess the expression 
of stemness-associated markers in BMMSCs. 
Similarly, the most significant reduction in 
stemness-related markers was observed in 
BMMSCs co-treated with both anesthetics.

Network pharmacology analysis identified the 
PI3K/AKT signaling pathway as a common tar-
get pathway of remimazolam and propofol.  
The PI3K/AKT signaling pathway regulates the 
function of multiple downstream substrates 
and is involved in mediating cell survival, cell 
cycle progression, and cell proliferation, there-
by playing a critical role in carcinogenesis [32-
34]. Western blot analysis was further per-
formed to verify this finding, demonstrating 
that remimazolam combined with propofol im- 
paired the phosphorylation level of AKT in 
BMMSCs. Collectively, these results indicate 
that the combination of remimazolam and pro-
pofol inhibits BMMSC proliferation, migration, 
and stemness by targeting the PI3K/AKT sig-
naling pathway. Previous studies have shown 
that hBMMSC-CM can promote tumor growth 
by upregulating c-MYC expression. Additionally, 

MSCs consistently secrete immunomodulatory 
molecules, IL-8, in response to inflammatory 
stimuli [35, 36]. IL-8, a pro-tumorigenic chemo-
kine in the tumor microenvironment, can pro-
mote tumor cell proliferation and epithelial-
mesenchymal transition [37]. ELISA results 
revealed that the secretion level of IL-8 in 
BMMSCs was markedly decreased following 
treatment with remimazolam or propofol. We 
therefore further explored the effects of these 
two anesthetics on the tumor-promoting capac-
ity of BMMSCs, using the gastric cancer cell 
line HGC-27 as the in vitro model. Consistent 
with our hypothesis, remimazolam and propofol 
impaired the tumor-promoting capacity of BM- 
MSCs, as evidenced by the significant reduc-
tion in the proliferative, migratory, and invasive 
capacities of HGC-27 cells treated with Pro-
BMMSCs-CM or Rem-BMMSCs-CM. This phe-
nomenon may be attributed to the downregu-
lated secretion of IL-8 by BMMSCs. Notably, we 
also observed a marked alteration in the stem-
ness of HGC-27 cells following treatment with 
BMMSC-derived conditioned media. Sphere 
formation assays, flow cytometry, and Western 
blot analysis collectively demonstrated that 
both remimazolam and propofol attenuated  
the tumor-promoting ability of BMMSCs by reg-
ulating the stemness of gastric cancer cells. 
Additionally, we investigated the effects of re- 
mimazolam and propofol on the apoptosis and 
cell cycle distribution of HGC-27 cells. Wes- 
tern blot results showed that BMMSC-CM treat-
ment increased the expression of anti-apoptot-
ic markers in HGC-27 cells; however, this up- 
regulatory effect was reversed by treatment 
with Pro-BMMSC-CM or Rem-BMMSC-CM. In 
contrast, no significant changes in HGC-27 cell 
cycle distribution were observed following treat-
ment with either conditioned medium [38]. In 
the present study, we demonstrated that re- 
mimazolam and propofol inhibit BMMSC prolif-
eration, migration, and stemness by targeting 
the PI3K/AKT signaling pathway, with remima-
zolam exerting a less potent inhibitory effect on 
BMMSCs compared to propofol. Furthermore, 
the downregulated paracrine secretion of IL-8 
by anesthetic-treated BMMSCs contributed to 
the attenuation of their tumor-promoting capac-
ity. It should be acknowledged that this study 
has several limitations. Specifically, it should 
be noted that the design of this experimen- 
tal group aims at the conceptual verification of 
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Figure 7. Schematic diagram.

the mechanism of action rather than the simu-
lation of real-world clinical scenarios. Clinically, 
although remimazolam and propofol are widely 
used for surgical sedation and general anes-
thesia, they are rarely administered in a fixed 
combination in routine practice. Remimazolam 
is often used as a single agent for short-dura-
tion surgical sedation due to its rapid onset, 
fast metabolism, and predictable pharmacoki-
netic characteristics. In contrast, propofol is 
the first-line drug for the induction and mainte-
nance of general anesthesia as well as for inde-
pendent sedation. The combined use of the two 
is only seen in highly specialized clinical situa-
tions (such as dose titration for refractory  
sedation in a small number of patients), and a 
standardized dosing regimen has not been 
established yet. First, the underlying molecular 
mechanisms may not be limited to the PI3K/
AKT pathway; additional pathways involved in 
the regulatory effects of remimazolam and  
propofol on BMMSCs require further explora-
tion. Second, remimazolam and propofol may 
inhibit IL-8 secretion through indirect regula-
tion, which warrants further validation [39, 40]. 
Collectively, remimazolam and propofol can 
inhibit the biological functions of BMMSCs 

either alone or synergistically, with remimazol-
am exhibiting a milder inhibitory effect com-
pared to propofol; these effects further regu-
late the progression of gastric cancer cells 
(Figure 7). In conclusion, our findings provide 
experimental evidence for the rational clinical 
administration of anesthetics, particularly for 
patients with gastric cancer undergoing an- 
esthesia.
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