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Objective: Disruption of calcium (Ca2+) homeostasis has been implicated as a key pathological mechanism underlying propofol- 
induced neurodevelopmental and cognitive deficits. However, the mechanisms underlying propofol-induced intracellular Ca2+ dysre
gulation remain incompletely understood. Extending findings of anesthetic-induced metabolic disruptions in non-neuronal models to 
the central nervous system, this study aimed to elucidate the underlying mechanisms of the Ca2+ imbalance in neuronal cells, with 
implications for the safety of clinical anesthesia in pediatric populations.
Material and Methods: Mouse hippocampal neurons (HT22 cells) served as an in vitro model. Cell viability was assessed using the 
CCK-8 assay. Intracellular Ca2+ dynamics were evaluated using the Fluo-4 AM Ca2+ fluorescent probe to investigate the mechanisms 
underlying propofol-induced Ca2+ dysregulation.
Results: Propofol exposure at 10 μM and 50 μM across all time points (2, 6, or 24 hours) showed no significant impact on cell 
viability. Similarly, 100 μM propofol lacked toxicity at 2 or 6 hours, but survival significantly declined after 24 hours exposure (P < 
0.0001). Furthermore, 200 μM propofol decreased cell viability after 2 hours of treatment (P < 0.01), with further reduction following 
prolonged exposure (P < 0.05). A rapid increase in intracellular Ca2+ concentration was observed with 200 μM propofol (P < 0.0001), 
which was entirely abolished by the inhibition of the γ-aminobutyric acid type A (GABAA) receptor. Conversely, inhibition of the 
inositol trisphosphate receptor (IP3R) alone partially mitigated the propofol-induced Ca2+ elevation (P < 0.0001). Notably, chelation of 
elevated intracellular Ca2+ using BAPTA-AM fully prevented the propofol-induced decrease in cell viability (P < 0.01).
Conclusion: Propofol induces cytotoxicity in HT22 cells in a concentration- or time-dependent manner. Notably, cytotoxicity at 
100 μM propofol was observed only after 24 hours of exposure, whereas 200 μM propofol produced rapid cytotoxicity. This rapid 
toxicity is mediated by activation of GABAA receptor and IP3R, which triggers the endoplasmic reticulum (ER) Ca2+ release and 
elevating intracellular Ca2+ concentration.

Plain Language Summary: Propofol is a commonly used anesthetic, but its safety in the developing brain is unclear. In this study, 
high doses of propofol damaged mouse hippocampal neurons and caused a rapid rise in calcium inside the cells. This effect involved 
specific calcium-regulating pathways, and removing the extra calcium prevented the damage. These results suggest that high doses of 
propofol can disrupt calcium balance in developing neurons. They also highlight the need for careful dosing in pediatric anesthesia. 
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Introduction
In the United States, approximately 2–3 million children under 36 months and 1.5 million infants receive general 
anesthesia annually, with many infants requiring multiple or prolonged exposure.1 Since the initial report in 1999 that 
ketamine induces apoptosis in developing neurons,2 extensive studies in rodents and non-human primates have 
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demonstrated that early postnatal anesthetic exposure impairs the developing nervous system, leading to behavioral and 
cognitive dysfunction.3–6 Clinical studies have further linked anesthesia and surgery to cognitive decline in young 
children, suggesting that prolonged or repeated exposure to general anesthesia may contribute to behavioral and memory 
deficits later in development.7–11

Propofol is a widely used intravenous anesthetic that exerts sedative-hypnotic effects via γ-aminobutyric acid 
(GABAA) receptor activation. Due to its rapid onset and favorable pharmacokinetic profile, propofol is extensively 
applied for anesthetic induction, maintenance, and intensive care unit (ICU) sedation - accounting for over 75% of 
surgical procedures across more than 50 countries.12,13 Preclinical studies indicate that propofol possesses potential 
developmental neurotoxicity and triggers adverse developmental events, such as neuronal apoptosis, abnormal neurogen
esis, and reduced dendritic density, ultimately leading to persistent impairment of learning and memory functions.14–20 In 
2016, the US Food and Drug Administration (FDA) issued a warning stating that exposure to propofol anesthesia for 
more than three hours or multiple times in late-pregnancy women and children under three years old may increase the 
risk of brain developmental defects, yet approximately 1–2% of pregnant women even receive anesthesia and surgery 
unrelated to childbirth, which includes procedures involving propofol.21,22 Robbins et al reported that general anesthesia 
for cesarean delivery doubled the odds of severe motor delay at age two, despite showing no association with overall 
neurodevelopmental delay.23 Clinical studies and case reports also suggested that infants and young children (5–14 years 
old) exposed to propofol developed progressive microcephaly and impaired memory, cognitive, and behavioral 
functions.24,25 However, confounding factors in clinical settings like surgical trauma and underlying medical conditions, 
make it difficult to isolate propofol’s direct neurotoxic effects in humans. Thus, in vitro experimental studies are required 
to elucidate the mechanisms underlying propofol-associated developmental neurotoxicity. HT22 cells, an immortalized 
mouse hippocampal neuronal cell line, have been widely used as neural precursor-like cells to investigate the develop
mental neurotoxicity of inhaled anesthetics,26 and thus represent a suitable in vitro model of anesthesia-induced 
neurotoxicity. Accordingly, HT22 cells were used in this study.

Propofol induces neurotoxic effects through mechanisms including calcium (Ca2+) signaling, mitochondrial energy 
metabolism, and inflammation.13 In addition to calcium-dependent mechanisms, emerging metabolomics-based studies 
indicate that intravenous anesthetics can profoundly disrupt amino acid and carnitine metabolism, reflecting mitochondrial 
stress not only in neuronal but also in renal and hepatic cell models.27,28 This bioenergetic failure triggers pathological 
crosstalk with intracellular Ca2+ signaling. Adenosine triphosphate (ATP) depletion leads to Ca2+ pump dysfunction and 
cytoplasmic Ca2+ overload, which further exacerbates mitochondrial energy metabolism disorders.29,30 Cytosolic Ca2+ 

concentration is maintained at 10–100 nM at rest and can increase to 500–1000 nM upon activation.31 This precise 
homeostatic regulation is cooperatively controlled by diverse Ca2+ channels and transporters localized on the plasma and 
organelle membranes.32–34 Cytoplasmic Ca2+ overload impairs cell survival, development, and normal function.35–37

Propofol disrupts intracellular Ca2+ homeostasis in immature neurons, leading to impaired cell survival and neuro
developmental abnormalities.38,39 In developing neurons, propofol triggered the opening of L-type voltage-dependent 
Ca2+ channel (VDCC) through the activation of GABAA receptor, resulting in intracellular Ca2+ overload and subsequent 
neuronal apoptosis.17 In immature neurons, the activation of GABAA receptor induces membrane depolarization due to 
a reversed intracellular chloride gradient, which subsequently opens the L-type VDCCs and elevates cytoplasmic Ca2+.40 

Beyond membrane-bound channels, Qiao et al demonstrated that propofol also stimulates IP3R and ryanodine receptor 
(RyR)-mediated Ca2+ release from the endoplasmic reticulum (ER). Such sustained Ca2+ elevations impair neurogenesis 
in neural stem cells (NSCs) and promote cell death.41 However, the molecular mechanisms linking propofol exposure to 
IP3R and RyR activation remain unclear. Notably, IP3R and RyR are ER Ca2+ release channels with shared structural and 
functional features. Although IP3R is activated by inositol 1,4,5-trisphosphate (IP3), both channels are also regulated by 
cytoplasmic Ca2+, with specific Ca2+ levels promoting their opening.42 Based on the results of previous studies, we 
hypothesized that propofol exposure may activate the opening of L-type VDCC through GABAA receptor, induce 
extracellular Ca2+ inward flow, and further promote IP3R-dependent Ca2+ release from the ER, which leads to 
intracellular Ca2+ overload and induces cytotoxicity.
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Material and Methods
Reagents
Dulbecco’s modified Eagle’s medium (C11995500BT) and HBSS solution (H1020) were purchased from Saiguo Bio 
(Guangzhou, China). 10% fetal bovine serum (C0251), 1% penicillin-streptomycin solution (C0222) and Fluo-4 AM Ca2+ 

detection kit (S1061S) were purchased from Beyotime (Shanghai, China). Xestospongin C (GC14484), Nimodipine (GC16587) 
and BAPTA-AM (GC13517) were purchased from GLPBIO (Montclair, California, USA). CCK-8 assay (K1018/CK04) was 
purchased from APExBIO (Houston, USA). Propofol (HY-B0649, purity ≥ 99%) and Bicuculline (HY-N021) were purchased 
from MCE (New Jersey, USA). EGTA (SA8500) was purchased from Solarbio (Beijing, China).

Cell Culture
The HT22 cell line was commercially obtained from the National Collection of Authenticated Cell Cultures (Shanghai, 
China; certified by STR). HT22 cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal 
bovine serum and 1% penicillin-streptomycin solution. The cells were maintained in a thermostatic incubator (160i CR, 
Thermo Fisher, Waltham, Massachusetts, USA) at 37 °C with 5% CO2, and the culture medium was completely replaced 
every 72 hours.

Cytotoxicity Assay
CCK-8 assay was employed to assess cytotoxicity. HT22 single-cell suspensions were inoculated into 96-well culture 
plates at a density of 1 × 104 to 1 × 105 cells/mL, with 100 μL of the cell suspension added to each well (approximately 
5,000 cells/well). Blank, control, and experimental groups were established. After 24 hours of incubation in a constant- 
temperature cell incubator, the medium was replaced with serum-free DMEM for 12 hours to achieve cell cycle 
synchronization. Then, different concentrations of propofol solution (10, 50, 100, 200 μM) were added to the experi
mental group. Incubation was continued for 2, 6, or 24 hours according to the respective treatment times. Following 
treatment, 10μL of CCK-8 reagent was added to each well, and the plates were incubated in a constant-temperature cell 
culture incubator, protected from light, for 1–4 hours. After incubation, the absorbance at 450 nm was measured using an 
enzyme reader (Varioskan LUX, Thermo Fisher, Waltham, Massachusetts, USA).

Intracellular Ca2+ Measurement
The Fluo-4 Ca2+ probe was utilized for real-time monitoring of intracellular Ca2+ concentration changes. HT22 cells 
were seeded into 96-well plates and cultured for 24 hours. On the following day, the medium was aspirated, and the 
cells were washed twice with Ca2+- and magnesium-free, phenol red-free HBSS solution. A 100 μL aliquot of Fluo-4 
AM (1X) staining solution was added to each well, and the cells were incubated in a cell culture incubator, protected 
from light, for 20–30 minutes. The Fluo-4 AM staining solution was then aspirated, and the cells were washed three 
times with Ca2+- and magnesium-free, phenol red-free HBSS solution. For each experimental group, the cells were 
treated with one of the following solutions: HBSS (containing Ca2+ and magnesium), HBSS (containing Ca2+ and 
magnesium) + Bicuculline (100 μM), HBSS (containing Ca2+ and magnesium) + Xestospongin C (250 nM), HBSS 
(containing Ca2+ and magnesium) + Nimodipine (100 μM), HBSS (containing Ca2+ and magnesium) + EGTA (5 μM), 
or HBSS (containing Ca2+ and magnesium) + BAPTA-AM (5 μM). The cells were then incubated in a cell culture 
incubator for an additional 30 minutes. At the end of the incubation, baseline fluorescence (F0) changes were measured 
and recorded for 50 seconds under an inverted fluorescence microscope (Leica DMi1, Leica, Wetzlar, Germany). 
Propofol was applied at 50 seconds, and fluorescence (F) reflecting Ca2+ fluctuations were continuously recorded for 
200 seconds, without interruption during drug administration. The total filming duration was 250 seconds. To minimize 
photobleaching, minimal laser power and short imaging duration were used. Data were background-subtracted and 
normalized to baseline (F/F0), with a parallel control group monitored under identical settings to account for residual 
fluorescence decay.
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Statistical Methods
Ca2+ fluorescence image data were extracted using ImageJ (ImageJ Software, Bethesda, Maryland, USA). For Ca2+ 

imaging analysis, only cells with stable baseline fluorescence and clear intracellular dye loading were included. Cells 
showing abnormal morphology, loss of membrane integrity, or excessively low baseline fluorescence were excluded from 
analysis. Regions of interest (ROIs) were randomly selected from viable cells within each field of view. Data visualiza
tion and statistical analysis were performed using GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA) and 
Origin 2024 (Origin Software, Northampton, Massachusetts, USA). Data are presented as mean ± standard deviation 
(SD) from a minimum of five independent experiments. No formal a priori sample size calculation was performed, as this 
study was exploratory in nature and based on established in vitro experimental paradigms. Post-hoc power analysis 
indicated that the study was adequately powered to detect the observed treatment effects. Student’s t-test was employed 
for comparisons between two experimental groups. For comparisons involving multiple groups with a single independent 
variable, one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test was performed. To 
evaluate the effects of drug concentration and exposure time, two-way ANOVA followed by Tukey’s multiple compar
isons test was applied. p-value < 0.05 was considered statistically significant.

Results
Effect of Propofol on the Activity of HT22 Cells
To investigate the effects of propofol on HT22 cell toxicity at various concentrations and exposure durations, cell 
viability was assessed using the CCK-8 assay. HT22 cells were exposed to different concentrations of propofol (10, 50, 
100, and 200 μM) for 2, 6, or 24 hours. After treatment with 10 or 50 μM propofol for 2, 6, or 24 hours, there was no 
significant difference in the effect of propofol on cell survival rates at different exposure concentrations and times 
compared to the control group (Figure 1). Notably, 200 μM propofol significantly reduced cell viability as early as 
2 hours (to 79.1% of control) (P < 0.01), with further declines to 60.9% at 6 hours and 45.4% at 24 hours (P < 0.0001) 
(Figure 1). In contrast, 100 μM propofol showed no significant toxicity at 2 hours and 6 hours, but decreased viability to 
64.1% after 24 hours (Figure 1). The above results indicate that propofol induces cytotoxicity in a concentration- or time- 
dependent manner. 10 μM and 50 μM of propofol exposure did not significantly induce cytotoxicity; 100 μM propofol 
only markedly reduced cell viability after 24 hours of exposure; whereas 200 μM of propofol exhibited pronounced 
cytotoxic effects at nearly all exposure time points.

Figure 1 Effect of propofol exposure on HT22 cell viability. HT22 cells were exposed to various concentrations of propofol (10, 50, 100, 200 μM) for 2, 6, or 24 hours. The 
results of the CCK-8 assays demonstrated that cell viability was not significantly affected by exposure to 10 or 50 μM propofol at any of the exposure times (2, 6, or 
24 hours) compared to the control group. In contrast, exposure to 100 μM propofol did not affect cell viability with short-term exposure but induced cytotoxicity following 
24-hour exposure. Moreover, treatment with 200 μM propofol resulted in significant cell damage at all exposure times, with a further reduction in cell survival as exposure 
time increased. Data are expressed as the mean ± SD in two-way ANOVA with Tukey’s test from five independent experiments. **P < 0.01 and ****P < 0.0001 vs control 
group; #P < 0.05 vs 200 μM propofol exposure for 2 hours group; ΔP < 0.05 vs 200 μM propofol exposure for 6 hours group.
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Effect of Propofol on Intracellular Ca2+ Homeostasis in HT22 Cells
Propofol Induced Elevated Cellular Ca2+ Concentration
To investigate the mechanism underlying Ca2+ homeostasis dysregulation in propofol-induced neural precursor cyto
toxicity, we employed the Fluo-4 AM Ca2+ assay kit to assess the impact of propofol exposure on the intracellular Ca2+ 

concentration in HT22 cells. In previous experiments, we observed that exposure to 200 μM propofol for 2, 6, or 
24 hours induced cytotoxicity, with the extent of toxicity increasing in a time-dependent manner. Therefore, we 
investigated the effect of propofol at 200 μM concentration on intracellular Ca2+ levels in HT22 cells. Propofol 
significantly increased the fluorescence intensity of intracellular Ca2+, while no such increase was observed in the 
control group treated with HBSS buffer (Figure 2A). The ratio of fluorescence intensity (F) to baseline fluorescence 
intensity (F0) was analyzed by subtracting the background fluorescence, and the change in this ratio was used to quantify 
intracellular Ca2+ concentration in both groups. Propofol significantly increased the peak intracellular Ca2+ fluorescence 
intensity by 75.3% compared to the control group (P < 0.0001) (Figure 2B and 2C). These results indicate that 200 μM 
propofol markedly induces elevated Ca2+ concentrations within HT22 cells.

Figure 2 Effect of propofol on intracellular Ca2+ homeostasis in HT22 cells. (A) The fluorescence intensity of intracellular Ca2+ was significantly increased upon the addition 
of 200 µM propofol compared to the control group (scale bar=50 µm). (B) Ca2+ fluorescence response of HT22 cells in HBSS buffer (containing Ca2+) after treatment with 
HBSS buffer (Control) and 200 µM propofol (Plf) (indicated by arrows). The ratios, with background fluorescence subtracted and normalized to baseline, were used to 
represent changes in intracellular Ca2+ concentration. Data are shown as representative results from five independent experiments. (C) A significant increase in peak 
intracellular Ca2+ signaling was observed with 200 µM propofol compared to the blank control group. Data are expressed as the mean ± SD in Student’s t-test from 60 cells 
across five independent experiments. ****P < 0.0001 vs control group. Sec, Seconds.
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GABAA Receptor but Not L-Type VDCC is Involved in Propofol-Induced Intracellular Ca2+ Increase
Propofol may depolarize presynaptic neurons via GABAA receptor, leading to activation of L-type VDCC and 
mediating extracellular Ca2+ influx.17 To elucidate the potential role of GABAA receptor in propofol-induced Ca2+ 

elevation, we investigated the effect of the GABAA receptor antagonist Bicuculline (Bicu) on propofol-induced 
intracellular Ca2+ elevation. Treatment with 100 μM Bicu significantly inhibited the propofol-induced increase in 
intracellular fluorescence intensity (Figure 3A). Furthermore, Bicu significantly attenuated the propofol-induced 
peak intracellular Ca2+ fluorescence intensity by 78.6% (P < 0.0001) (Figure 3B and C). These findings indicate 
that Bicu suppresses propofol-induced increases in intracellular Ca2+ concentration. Next, we investigated the 
potential mechanism underlying propofol-induced Ca2+ elevation using the L-type VDCC antagonist Nimodipine 
(Nim). Treatment with 100 μM Nim failed to inhibit the propofol-induced increase in intracellular fluorescence 
intensity (Figure 3A). Furthermore, Nim did not significantly reduce the peak intracellular Ca2+ fluorescence 
intensity induced by propofol (Figure 3B and C). These findings indicate that Nim does not inhibit the propofol- 
induced increase in intracellular Ca2+ concentration. These results suggest that GABAA receptor rather than L-type 
VDCC may be involved in the propofol-induced increase in intracellular Ca2+ concentration in HT22 cells.

In addition, we also explored whether extracellular Ca2+ influx is involved in propofol-induced increase in intracel
lular Ca2+. We used the extracellular Ca2+ chelator EGTA to remove Ca2+ from the extracellular fluid. 5 μM EGTA 
pretreatment did not inhibit the propofol-induced increase in intracellular fluorescence intensity (Figure 4A). 
Furthermore, 5 μM EGTA pretreatment did not reduce the peak intensity of propofol-induced intracellular Ca2+ 

fluorescence (Figure 4B and C). This indicates that extracellular Ca2+ does not participate in propofol-induced increases 
in intracellular Ca2+ concentration.

IP3R Is Involved in Propofol-Induced Increase in Intracellular Ca2+

IP3R is a key receptor mediating Ca2+ release from the ER. Therefore, we examined the effect of Xestospongin C (Xc), an 
IP3R inhibitor, on propofol-induced Ca2+ elevation. Treatment with 250 nM Xc partially inhibited the propofol-induced 
increase in intracellular Ca2+ fluorescence intensity but did not completely suppress this elevation (Figure 5A). Furthermore, 
pretreatment with 250 nM Xc significantly attenuated the propofol-induced peak intracellular Ca2+ fluorescence intensity by 
29.0% (P < 0.0001) (Figure 5B and C). However, the peak intensity in the Xc-pretreated group remained 34.2% higher than 
that of the control group (P < 0.0001) (Figure 5B and C). These results indicate that while Xc significantly mitigates 
propofol-induced Ca2+ overload, it does not fully restore Ca2+ homeostasis to baseline levels.

Inhibition of Propofol-Induced Elevation of Ca2+ Concentration Increases Cell Viability
Propofol-induced elevation of intracellular Ca2+ concentration may contribute to cytotoxic effects. We pretreated cells 
with the intracellular Ca2+ chelator BAPTA-AM. We found that 5 μM BAPTA-AM pretreatment significantly suppressed 
propofol-induced increases in intracellular Ca2+ fluorescence (Figure 6A). Furthermore, 5 μM BAPTA-AM markedly 
reduced the propofol-induced peak intracellular Ca2+ fluorescence intensity by 74.2% (P < 0.0001) (Figure 6B and C), 
without compromising baseline intracellular Ca2+ homeostasis. This indicates that 5 μM BAPTA-AM suppresses 
propofol-induced increases in intracellular Ca2+ concentration.

To directly assess the involvement of elevated intracellular Ca2+ in cytotoxicity, we pretreated cells with 5 µM BAPTA- 
AM and examined the effect of 200 µM propofol on HT22 cell viability after 2 hours using the CCK-8 assay. Pretreatment 
with 5 μM BAPTA-AM significantly attenuated propofol-induced cytotoxicity, restoring cell viability by 17.8% (P < 0.001) 
(Figure 7), indicating that elevated intracellular Ca2+ concentrations contribute to propofol-induced cytotoxicity.

Discussion
This study investigates the effects of propofol on the toxicity of mouse hippocampal neural progenitor cells and the role 
of Ca2+ homeostasis in propofol-induced neurotoxicity. Propofol induces cytotoxicity in a concentration- or time- 
dependent manner. Exposure to clinically relevant concentrations (10 μM) of propofol did not result in significant 
toxic effects on HT22 cells. However, exposure to high concentrations (100 or 200 μM) of propofol led to a marked 
reduction in cell survival in a concentration- or time-dependent manner. Our findings also indicate that exposure to 
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Figure 3 Mechanism of propofol-induced increase in intracellular Ca2+ concentration in HT22 cells. (A) Pretreatment with 100 μM GABAA receptor antagonist Bicuculline (Bicu) 
significantly reduced the increase in intracellular fluorescence intensity induced by 200 μM propofol, while pretreatment with 100 μM L-type VDCC antagonist Nimodipine (Nim) 
did not significantly inhibit the increase in intracellular fluorescence intensity induced by 200 μM propofol (scale bar=50 µm). (B) Ca2+ fluorescence response of HT22 cells after the 
addition of 200 μM Propofol (Plf) (arrow) to HBSS buffer solution (containing Ca2+) or HBSS buffer solution (containing Ca2+) pretreated with 100 μM Bicu and 100 μM Nim. The 
ratio after subtracting the background fluorescence and normalizing to the baseline was used to represent the change in intracellular Ca2+ concentration. The data show 
representative data from five experiments. (C) Pretreatment with100 μM Bicu reduced the peak amplitude of propofol-induced Ca2+ signals, whereas pretreatment with 100 μM 
Nim did not significantly affect the peak amplitude of propofol-induced Ca2+ signals. Data are expressed as the mean ± SD in one-way ANOVA with Tukey’s test from 60 cells across 
five independent experiments. ****P < 0.0001 vs control group; ####P < 0.0001 vs propofol group; ns, no significant difference. Sec, Seconds.
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200 μM propofol induces ER Ca2+ release through activation of GABAA receptor and IP3R, resulting in a significant 
increase in intracellular Ca2+ concentration. Furthermore, this elevated intracellular Ca2+ concentration correlates with 
propofol-induced cytotoxicity.

Figure 4 Extracellular Ca2+ does not participate in propofol-induced increases in intracellular Ca2+ concentration. (A) Pretreatment with 5 μM extracellular Ca2+ chelator 
EGTA did not reduce the increase in intracellular fluorescence intensity caused by 200 μM Propofol (scale bar=50 µm). (B) Ca2+ fluorescence response of HT22 cells after 
the addition of 200 μM Propofol (Plf) (arrow) in HBSS buffer solution (containing Ca2+) or HBSS buffer solution (containing Ca2+) pretreated with 5 μM EGTA. The ratio of 
background fluorescence subtracted and normalized to baseline was used to represent the change in intracellular Ca2+ concentration. The data show representative data 
from five experiments. (C) Pretreatment with 5 μM EGTA did not reduce the peak amplitude of Ca2+ signals induced by 200 μM propofol. Data are expressed as the mean ± 
SD in one-way ANOVA with Tukey’s test from 60 cells across five independent experiments. ****P < 0.0001 vs control group; ns, no significant difference. Sec, Seconds.
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There have been a series of studies reporting on propofol-related developmental neurotoxicity, but the conclusions 
have been varied. A study has found that exposing immature rat hippocampal neurons to propofol at concentrations 
ranging from 0.1 to 1000 μM for 3 hours can significantly induce apoptosis and inhibit proliferation.18 In a study using 
neonatal rat models, exposure to 5 or 50 μM of propofol for 5 hours was shown to trigger acute neuronal death.17 

Figure 5 IP3R is involved in propofol-induced increases in intracellular Ca2+ concentration in HT22 cells. (A) Pretreatment with 250 nM IP3R inhibitor Xestospongin C (Xc) 
significantly reduced the propofol-induced increase in intracellular fluorescence intensity (scale bar=50 µm). (B) The Ca2+ response of HT22 cells was measured following the 
addition of 200 μM propofol (Plf) (indicated by arrowheads) to either HBSS solution containing Ca2+ or HBSS solution pretreated with 250 nM Xc (containing Ca2+). Changes in 
intracellular Ca2+ concentration were represented by ratios subtracting background fluorescence and normalizing to baseline, with representative data from five independent 
experiments. (C) Pretreatment with 250 nM Xc reduced the amplitude of the peak Ca2+ signal triggered by 200 μM propofol. Data are expressed as the mean ± SD in one-way 
ANOVA with Tukey’s test from 60 cells across five independent experiments. ****P < 0.0001 vs control group; ####P < 0.0001 vs propofol group. Sec, Seconds.
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Conversely, a study indicated that neuronal progenitor cell death only occurs when propofol concentrations exceed 
7.1 μM (supratherapeutic doses), while clinically low doses do not affect cell viability.43 Additionally, one study found 
that exposing mouse NSCs to 100 μM propofol for 6 hours led to a significant decrease in cell viability.44 In a dose- 
gradient experiment (5–50 μM), it was demonstrated that propofol exerts a time- and dose-dependent inhibitory effect on 
NSCs proliferation.45 However, another study suggested that exposure to 50 μM propofol for 3 or 6 hours does not affect 

Figure 6 BAPTA-AM inhibits propofol-induced elevation of intracellular Ca2+ concentration. (A) Pretreatment with 5 μM intracellular Ca2+ chelator BAPTA-AM 
significantly reduced the enhancement of intracellular fluorescence intensity induced by 200 μM propofol (scale bar=50 µm). (B) Ca2+ response of HT22 cells after the 
addition of 200 μM propofol (Plf) (arrowheads) to HBSS solution containing Ca2+ (HBSS) or HBSS solution pretreated with 5 µM BAPTA-AM. The ratio of fluorescence 
intensity, with background fluorescence subtracted and normalized to baseline, represents changes in intracellular Ca2+ concentration. The data show representative results 
from five independent experiments. (C) Pretreatment with 5 µM BAPTA-AM reduced the amplitude of the peak Ca2+ signal triggered by propofol, Data are expressed as the 
mean ± SD in one-way ANOVA with Tukey’s test from 60 cells across five independent experiments. ****P < 0.0001 vs control group; ####P < 0.0001 vs propofol group; ns, 
no significant difference. Sec, Seconds.
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the viability of rat cortical NSCs, with cell death and proliferation inhibition only occurring after prolonged exposure 
(24 hours) or at high concentrations (300 or 600 μM).46 Contrary to these varied conclusions, our results indicate that 
treatment with 10 or 50 μM propofol for 2, 6, or 24 hours does not induce cytotoxicity. Only prolonged (24 hours) and 
high concentrations (100 and 200 μM) of propofol exposure led to a significant decrease in cell viability.

Propofol primarily binds to red blood cells and albumin in human blood, with only about 1–3% remaining as free propofol 
capable of diffusing and interacting with cell surface receptors. This makes it challenging to determine the appropriate doses of 
propofol used in in vitro experiments. Typically, the anesthetic doses of propofol refer to the concentration range in the brain 
maintained during surgical anesthesia, known as the clinical concentration range. Concentrations exceeding this range are 
considered supratherapeutic doses.22,43 However, there is currently no consensus among different studies regarding the 
definition of the clinical concentration range. Some studies suggest that the effective concentration of propofol in the brain 
is between 2 μg/mL and 6 μg/mL (approximately 11–33 μM),47 while others define the clinical effective concentration range 
as 1–20 μM,48 and some even report clinical brain concentrations of 4–20 μg/mL (approximately 22–110 μM).22 In this study, 
10 μM of propofol was considered a clinically relevant concentration, while concentrations above 20 μM were regarded as 
supraclinical doses. Although the 200 μM concentration is considered supraclinical, previous studies in renal and hepatic cells 
have employed similar supratherapeutic concentrations in metabolomics toxicity models to simulate long-term or cumulative 
exposure scenarios.27,28 Propofol is highly lipophilic and can accumulate significantly in lipid-rich tissues like the brain during 
prolonged infusions, such as long-term sedation in the ICU or complex pediatric surgeries. Local tissue concentrations may 
exceed measured plasma levels, making the study of “supraclinical” doses relevant to these specific pathological or extreme 
scenarios (eg, Propofol Infusion Syndrome).49,50 From a clinical perspective, our results also demonstrated that 10 μM 
propofol did not induce significant cytotoxicity or calcium dysregulation, which aligns with clinical safety data of propofol for 
short-term anesthesia. However, the threshold-dependent toxicity at higher concentrations highlights a potential safety 
concern for pediatric anesthesiologists during prolonged infusions. These findings suggest that maintaining the lowest 
effective therapeutic concentration and limiting exposure duration could be critical strategies to mitigate developmental 
neurotoxicity risks in clinical practice.

The dose-response relationship concerning the developmental neurotoxicity of propofol anesthesia shows significant 
heterogeneity in existing studies. The discrepancies in conclusions may arise from the different in vitro cell models or the 

Figure 7 Inhibiting the increase in intracellular Ca2+ concentration can enhance the survival rate of HT22 cells. Pretreatment with 5 µM BAPTA-AM significantly enhanced 
the survival of cells exposed to 200 µM propofol, compared to the control group. Data are expressed as the mean ± SD in one-way ANOVA with Tukey’s test from five 
independent experiments. ****P < 0.0001 vs control group; ###P < 0.001 vs propofol group; ns, no significant difference.
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varying developmental time windows of the cells used. Neurotoxicity typically occurs during specific periods of brain 
development, defined as the brain growth spurt (BGS). For humans, this period begins in late pregnancy and continues 
until approximately three years postnatally. For rhesus monkeys, it starts around day 115 of gestation and lasts until 60 
days postnatally. While for rodents, the BGS usually occurs during the first two weeks after birth.13 Neurogenesis 
continues during this phase, making it a vulnerable period for neurodevelopment. Therefore, conducting in vitro 
experiments on cells extracted from the brains of different species or at different developmental stages, even using 
similar drugs and concentrations, may lead to varying research conclusions.

Intracellular Ca2+ overload is one of the key factors leading to cell damage. Previous studies have shown that Ca2+ 

overload can induce apoptosis and autophagy to varying degrees, and can even directly lead to cell necrosis.36,51 

Inhalational anesthetics (such as isoflurane and sevoflurane) and intravenous anesthetics (such as propofol and ketamine) 
have been reported to induce apoptosis or autophagy in neural cells by causing intracellular Ca2+ overload, thereby affecting 
cell survival.41,52–55 Studies indicate that a surge in cytosolic Ca2+ induces mitochondrial permeability transition pore 
(mPTP)-mediated mitochondrial Ca2+ overload, leading to structural and functional impairment of mitochondria and 
subsequently triggering programmed cell death. Notably, recent metabolomic evidence indicates that propofol significantly 
disrupts amino acid and carnitine metabolism in hepatocytes and HEK-293 cells, leading to mitochondrial dysfunction.27,28 

Although the association between propofol-induced metabolic disruption and mitochondrial dysfunction remains 
a mechanistic hypothesis rather than a conclusive causal pathway, it indicates that propofol directly interferes with 
mitochondrial bioenergetics and fatty acid oxidation. In neurons, ATP deficiency—this energy emergency may impair 
the function of ATP-dependent Ca2+ pumps, such as the sarcoplasmic/ER Ca2+-ATPase (SERCA), thereby creating 
a vicious cycle that exacerbates the IP3R-mediated Ca2+ overload observed in this study.56 Ca2+ also plays a crucial role 
in regulating cell cycle processes, which in turn affects cell proliferation.57,58 Prior research has indicated that sevoflurane, 
isoflurane, and midazolam can inhibit the proliferation of NSCs by inducing excessive increases in intracellular Ca2+ ion 
concentrations.54,59,60 Our study results demonstrate that propofol increases intracellular Ca2+ concentrations in HT22 
cells, leading to a decrease in cell viability. However, since the HT22 cell line is derived from the HT4 cell line (a clonal line 
of immortalized mouse hippocampal neural progenitor cells) and is capable of infinite proliferation in vitro, the effects of 
propofol on HT22 cell viability may result from either inducing cell death or inhibiting proliferation.

We undertook further investigations to elucidate the mechanisms underlying propofol-induced increases in intracel
lular Ca2+ concentration. Our experimental findings demonstrated that inhibiting GABAA receptor alone completely 
abolished propofol-induced changes in intracellular Ca2+ concentrations, whereas inhibiting L-type VDCC with nimo
dipine alone did not significantly attenuate propofol-induced increases in intracellular Ca2+ concentration. Subsequently, 
we chelated extracellular Ca2+ and observed that their elimination did not significantly affect propofol-induced increases 
in intracellular Ca2+ concentration. Furthermore, we examined the impact of ER Ca2+ release and IP3R activation on 
intracellular Ca2+ homeostasis. Inhibition of IP3R alone significantly reduced propofol-induced increases in intracellular 
Ca2+ concentration. However, in contrast to GABAA receptor inhibition, IP3R blockade failed to restore Ca2+ levels to 
control values, as the fluorescence intensity remained significantly higher than the baseline.

GABAA receptor is recognized as a primary pharmacological receptor mediating the sedative-hypnotic effects of 
propofol. Propofol binding to this receptor induces Cl− influx, leading to neuronal hyperpolarization, suppression of 
afferent stimuli transmission, and consequently producing sedative-hypnotic effects.12 Unlike mature neurons, neural 
precursor cells express Na+/K+/2Cl− cotransporter protein 1 (NKCC1) on their membranes, which maintains elevated 
intracellular Cl− levels. Consequently, GABAA receptor activation induces Cl− efflux, resulting in cellular membrane 
depolarization.61 This depolarizing effect of GABAA receptor activation plays a crucial role in early neurodevelopment. 
It contributes to maintaining the NSCs pool, supporting their proliferation and differentiation, and facilitating the 
migration of newborn neurons.62–65 This regulatory process is closely linked to intracellular Ca2+ transients. GABAA 

receptor activation-induced depolarization opens VDCC, triggering extracellular Ca2+ influx. This influx regulates neural 
precursor cell proliferation and neuronal differentiation.64,66 However, our study demonstrated that L-type VDCC are not 
involved in propofol-induced intracellular Ca2+ accumulation. The increase in cytoplasmic Ca2+ concentration is not 
dependent on extracellular Ca2+ influx but is primarily due to Ca2+ release from the ER via IP3R activation. Although IP3 

R inhibition significantly attenuated propofol-induced cytoplasmic Ca2+ increases, it did not fully abolish the effect, as 
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Ca2+ levels remained significantly elevated compared to the control group, suggesting other Ca2+ channels may also be 
involved. Previous studies have suggested that RyR on the ER may be one of the targets of propofol.41,67 In addition to 
propofol, many inhalational anesthetics, such as sevoflurane and isoflurane, may also induce the release of Ca2+ from the 
ER by activating IP3R or RyR, leading to elevated intracellular Ca2+ levels in neural cells.59,68–71 However, the precise 
pathway through which propofol triggers RyR activation remains to be elucidated.

The findings of the present study suggest that GABAA receptor activation may act upstream of IP3R-mediated Ca2+ 

release. While the exact coupling mechanism remains to be fully elucidated, the complete blockade of Ca2+ elevation by 
GABAA receptor inhibition highlights its primary role in propofol-induced Ca2+ signaling in HT22 cells. Admittedly, as 
the direct interaction between GABAA receptor and IP3R was not explicitly validated in this study, our findings currently 
serve as a preliminary mechanistic hypothesis. Beyond Ca2+ signaling mechanisms, it is essential to recognize that 
propofol-induced neurotoxicity is a complex, multifactorial process involving several interconnected pathways. 
Neuroinflammatory responses, characterized by microglial activation and the release of pro-inflammatory cytokines, 
represent another critical mechanism of propofol-induced injury.13 Other regulatory layers, such as altered mitochondrial 
fission dynamics and epigenetic modulations,44,72 further illustrate the multifaceted nature of this neurotoxicity.

This study has several limitations. First, although we observed that propofol-induced calcium overload reduces HT22 
cell viability, the specific modes of cell death (eg, apoptosis, necrosis, or autophagy) were not investigated. Because our 
conclusions are based solely on CCK-8 assay data, we cannot determine whether the reduced viability reflects true cell 
death or inhibition of cell proliferation. Further studies are needed to clarify the precise mechanisms underlying propofol- 
induced cytotoxicity. Second, our investigation into the mechanisms underlying propofol-induced alterations in intracel
lular Ca2+ homeostasis within HT22 cells is incomplete. Although our experiments demonstrated that inhibiting IP3 

R significantly reduced propofol-induced increases in cytoplasmic Ca2+ concentration, this effect was not completely 
eliminated, suggesting the involvement of other Ca2+ channels. Furthermore, the specific downstream mechanism by 
which propofol induces neurotoxicity through disruption of intracellular Ca2+ homeostasis remains unknown. As 
a second messenger, Ca2+ regulates numerous downstream signaling factors and interact with other pathways, together 
forming the intracellular Ca2+ signaling network that governs cellular activities. Finally, the inherent limitations of 
employing the HT22 cell line as the primary model must be acknowledged. As an immortalized mouse hippocampal 
neuronal line, HT22 cells may differ from primary neural progenitor cells in the developing brain, particularly regarding 
Ca2+ signaling regulation, receptor expression profiles, and metabolic states. These discrepancies may constrain the 
extent to which our findings can be extrapolated to simulate complex “developmental neurotoxicity” in vivo. Therefore, 
while this study provides significant mechanistic insights, the conclusions should be interpreted with caution.

To address the limitations of this study, future research should involve further validation using primary neural progenitor 
cells in combination with in vivo animal models. Additionally, multidimensional experimental approaches should be 
employed to investigate the interference of propofol with intracellular Ca2+ signaling mechanisms at multiple levels. These 
include potentially involved Ca2+ channel receptors, alterations in intracellular Ca2+ dynamics, downstream transcription 
factors related to Ca2+ signaling, and the target genes they regulate. Understanding these mechanisms of propofol-induced 
neurotoxicity is crucial for advancing the safe use of anesthetics, particularly during critical periods of neural development.

Conclusions
Propofol induces cytotoxicity in HT22 cells in a concentration- or time-dependent manner. Notably, cytotoxicity at 
100 μM propofol was observed only after 24 hours of exposure, whereas 200 μM propofol produced rapid cytotoxicity. 
This rapid toxicity is mediated by activation of GABAA receptor and IP3R, which triggers the ER Ca2+ release and 
elevating intracellular Ca2+ concentration.

Abbreviations
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