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Abstract  
Debates regarding the specific effects of general anesthesia on developing brains have persisted 
for over 30 years. A consensus has been reached that prolonged, repeated, high-dose exposure to 
anesthetics is associated with a higher incidence of deficits in behavior and executive function, while 
single exposure has a relatively minor effect on long-term neurological function. In this review, we 
summarize the dose-dependent neuroprotective or neurotoxic effects of gamma-aminobutyric acid 
type A receptor agonists, a representative group of sedatives, on developing brains or central nervous 
system diseases. Most preclinical research indicates that anesthetics have neurotoxic effects on the 
developing brain through various signal pathways. However, recent studies on low-dose anesthetics 
suggest that they may promote neurodevelopment during this critical period. These findings are 
incomprehensible for the general “dose-effect” principles of pharmacological research, which has 
attracted researchers’ interest and led to the following questions: What is the threshold for the dual 
effects exerted by anesthetics such as propofol and sevoflurane on the developing brain? To what 
extent can their protective effects be maximized? What are the underlying mechanisms involved 
in these effects? Consequently, this issue has essentially become a “mathematical problem.” After 
summarizing the dose-dependent effects of gamma-aminobutyric acid type A receptor agonist 
sedatives in both the developing brain and the brains of patients with central nervous system 
diseases, we believe that all such anesthetics exhibit specific threshold effects unique to each drug. 
These effects range from neuroprotection to neurotoxicity, depending on different brain functional 
states. However, the exact values of the specific thresholds for different drugs in various brain states, 
as well as the underlying mechanisms explaining why these thresholds exist, remain unclear. Further 
in-depth exploration of these issues could significantly enhance the therapeutic translational value of 
these anesthetics.
Key Words: brain; central nervous system; cognition; gamma-aminobutyric acid type A receptor 
agonist; general anesthetics; neurogenesis; neurological disorders; neuroprotection; neurotoxicity; 
signal pathways

Introduction 
The advancements in modern anesthesia have 
enabled more infants and young children to 
undergo necessary surgeries or procedures based 
on their medical conditions. During early postnatal 
development, the developing brain of mammals 
are in a dynamic and critical state, which influences 
future neurological function and renders the brain 
highly vulnerable to various stimuli—a condition 
often referred to as the “fragile brain” (Jevtovic-
Todorovic and Brambrick, 2018; Kelly et al., 2023). 
The exuberant neural regeneration process during 
this period has sparked increased attention and 
debate regarding the impact of general anesthesia 
on the developing brain (Vutskits and Xie, 2016; 
McCann and Soriano, 2019; Ing et al., 2022). In 
1999, Science reported the potential neurotoxicity 
associated with anesthetic agents (Ikonomidou 
et al., 1999), leading to a surge of foundational 
research focusing on the effects of anesthesia 
drugs, particularly gamma-aminobutyric acid 
type A receptor (GABAAR) agonist sedatives 
(such as sevoflurane, midazolam, and propofol), 
on the immature mammalian brain (Jevtovic-

Todorovic et al., 2003; Cattano et al., 2008; 
Satomoto et al., 2009; Wang et al., 2020; Sun et 
al., 2022; Zhang and Li, 2023). Early laboratory 
studies often concluded that exposure to general 
anesthesia shortly after birth can induce long-
term morphological and functional changes 
in the central nervous system (CNS), resulting 
in impaired neurocognitive function (Hudson 
and Hemmings, 2011). However, these studies 
typically used dosages based on equivalence, 
resulting in significantly higher plasma and effect-
site concentrations in rodents—nearly 10-fold 
higher—than in humans (Shortal et al., 2018; 
Anderson and Bagshaw, 2019). This approach has 
resulted in uncertainty about the applicability 
of these findings to clinical practice. To date, 
comprehensive studies observing the effects 
of anesthesia on neurodevelopment under 
varying anesthesia states and drug dosages are 
lacking. GABAAR agonists are a class of sedative 
drugs that enhance the inhibitory effects of the 
neurotransmitter gamma-aminobutyric acid 
(GABA) on the CNS. By binding to GABAARs, these 
drugs promote the opening of chloride channels, 
which hyperpolarizes neurons and reduces their 

activity, leading to sedation, anxiolysis, and, at 
higher doses, anesthesia. Well-known GABAA​R 
agonists include benzodiazepines (e.g., diazepam, 
midazolam), barbiturates (e.g., phenobarbital) 
and commonly used anesthetics such as propofol 
and sevoflurane. In recent years, newer drugs 
targeting GABAARs with improved safety profiles 
and reduced side effects have emerged. One 
example is remimazolam, an ultra-short-acting 
benzodiazepine approved for procedural sedation, 
which offers more controlled sedation with 
rapid recovery in comparison with traditional 
benzodiazepines and is widely used in current 
general anesthesia as a sedative drug.

Currently, widely used sedatives in clinical practice 
include GABAAR agonists, N-methyl-D-aspartate 
receptors (NMDAR) antagonists, and α2-adrenergic 
receptor agonists. Due to the differences in the 
specific receptor-binding processes, the effects 
of different types of anesthetics under the same 
conditions vary, limiting the scope for a unified 
discussion. Moreover, other vital drugs (such as 
ketamine and dexmedetomidine) have already 
been thoroughly reviewed recently. Accordingly, 
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since the anesthetics discussed here are mainly 
GABAAR agonists, we will explore the translational 
potential of existing GABAAR agonist sedatives 
from the developing brain to aging, as well as 
different CNS disease models, which are together 
recognized as “vulnerable brains,” based on their 
roles in various aspects of neurological function.

In this review, we will first outline the specific 
effects and underlying mechanisms of anesthesia 
on the neurological development of the brain, 
discuss the current research landscape, and 
highlight valuable avenues for future investigation.

Search Strategy
The articles cited in this review were published 
between January 1, 1997 and September 1, 2024 
and were retrieved from the PubMed database 
using the following words and phrases to maximize 
search specificity and sensitivity: “anesthesia OR 
anaesthesia OR anesthetic OR anaesthetic OR 
GABAAR agonist,” “neurotoxicity,” “neurogenesis,” 
“brain,”  “development OR developing OR 
develop,” “cognitive function,” “dose,” “dual 
effect,” “neonate OR young OR child OR children,” 
“aged,” “neuroprotective OR neuroprotection,” 
“apoptosis,” “mechanism,” “synaptic plasticity,” 
“neuroinflammation,” “single or once,” “repeated,” 
“ferroptosis,” “autophagy,” “neuron OR nerve 
OR neuro OR neuronal,” “signal OR signaling 
pathway,” “clinical OR clinic,” “CNS diseases,” 
“cerebral ischemia–reperfusion injury,” “traumatic 
brain injury,” “neonatal hypoxic-ischemic brain 
injury,” “ischemic stroke,” “middle cerebral 
artery occlusion,” “controlled cortical impact,” 
“intracerebral hemorrhage,” “subarachnoid 
hemorrhage,” “delayed cerebral ischemia,” “brain 
injury,” “autism spectrum disorders,” “attention 
deficit and hyperactivity disorder,” “neural 
developmental disorder,” “Alzheimer’s disease,” 
“Parkinson’s disease,” “neurodegeneration 
disease,” “aging OR aged OR age OR old OR 

elder or elderly.” Various combinations of these 
keywords were used to comprehensively retrieve 
full-text articles, and all papers were screened by 
titles and abstracts. A total of 191 articles related 
to our research objectives were included. No 
restrictions related to language were applied. All 
authors were involved in the literature search. 

Neurotoxicity and Mechanisms 
of GABAAR Agonist Sedatives in 
Developing Brain
Since the publication of a study describing 
the potential  widespread neurotoxicity of 
NMDAR antagonists in the developing brain in 
1999 (Ikonomidou et al., 1999), clinicians and 
researchers have raised profound concerns 
regarding the neurotoxicity of anesthetics. 
Answering this question requires high-quality, 
convincing clinical studies, but such clinical 
studies require extensive time and large sample 
sizes. Therefore, early published researches were 
predominantly preclinical studies (Figure 1). 

Preclinical studies
Animal studies
Numerous animal studies have demonstrated 
that early-life exposure to general anesthesia 
can result in structural brain damage and short- 
or long-term cognitive impairments (Sun et al., 
2022; Wang et al., 2020; Zhang and Li, 2023). 
In these experiments, researchers primarily 
focused on isoflurane, ketamine, sevoflurane, 
propofol, and etomidate (Yang et al., 2020; Bleeser 
et al., 2023b). Overall, the findings of these 
studies indicated that increased exposure time 
and dose are correlated with more significant 
neurotoxic effects on the nervous system. Studies 
investigating the neurotoxicity of GABAAR agonists 
have used young mice, rats, and rhesus monkeys 
as models (Chinn et al., 2020; Bleeser et al., 
2023a). For instance, newborn postnatal day 7 

(P7) mice treated with three doses of 200 mg/kg  
of propofol showed anxiety-like and compulsive 
behaviors at 4 months (Zhou et al.,  2021). 
Similarly, P7 rats exposed to 0.75% isoflurane for 
6 hours exhibited emotional behavioral changes 
at around 11 weeks of age (Diana et al., 2020). 
Additionally, P6 mice exposed to 3% sevoflurane 
for 6 hours developed learning deficits at 8 weeks 
of age and showed social behavioral abnormalities 
at 14 weeks of age (Satomoto et al., 2009). 
Moreover, newborn rhesus monkeys exposed to 
three sessions of 0.7%–1.5% isoflurane anesthesia 
for 5 hours displayed motor reflex deficits after 1 
month and increased anxiety responses to new 
social environments at 12 months (Coleman et 
al., 2017). These studies indicate that exposure 
to these levels of anesthesia during the neonatal 
period can have enduring effects on learning, 
emotional, and social cognitive behaviors.

The typical related neurotoxic effects studied 
were as follows: (1) Apoptosis: Anesthetics can 
induce neuronal apoptosis through intrinsic 
and extrinsic pathways (Yon et al . ,  2005). 
Susceptibility to anesthesia-induced neuronal 
apoptosis varies with age at exposure, showing 
peaks in neurogenesis and natural cell death 
that can extend into adulthood for certain 
regions (Deng et al., 2014). (2) Synaptic plasticity: 
Exposure of P7 rats to 2.5% isoflurane reduces 
synaptic density, and a single 2-hour exposure 
alters synaptic postsynaptic density lengths and 
dendritic spine morphology (Amrock et al., 2015). 
Newborn rats exposed to 2% sevoflurane for 2 
hours exhibit synaptic ultrastructural damage in 
the hippocampal CA3 region (Sun et al., 2019). 
Isoflurane and sevoflurane can also inhibit synaptic 
transmission and long-term potentiation (LTP) in 
a concentration-dependent manner (Haseneder 
et al., 2009). (3) Neuroinflammation: Repeated 
exposure of newborn mice to 3% sevoflurane for 
2 hours induces neuroinflammation, including 

Figure 1 ｜ Timeline illustrating the neurological effects of anesthetics on development in research. 
FDA: The Food and Drug Administration; GAS: The general anesthesia compared with spinal anesthesia; IQ: intelligence quotient; LD: learning disability; MASK: Mayo Anesthesia 
Safety in Kids; NMDAR: N-methyl-D-aspartate receptors; NPCs: neural progenitor cells; PANDA: the pediatric anesthesia neurodevelopment assessment. 
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microglial activation and increased levels of pro-
inflammatory cytokines (Shen et al., 2013), which 
are possibly related to enhanced transcriptional 
activity of nuclear factor-κB (NF-κB) and microglial 
polarization (Zhang et al., 2013a; Xu et al., 2023). 
In addition, sevoflurane can also inhibit M2 
activation (Pei et al., 2017). (4) Ferroptosis: Recent 
studies have shown that sevoflurane leads to 
cytoplasmic and mitochondrial iron accumulation 
in the hippocampal neurons of newborn rats 
(Wu et al., 2020; Kang et al., 2024). Isoflurane 
enhances cytochrome c oxidase/complex IV 
activity in a dose- and time-dependent manner, 
inducing ferroptosis in hippocampal neurons (Liu 
et al., 2021). (5) Autophagy: Exposure to 3.4% 
sevoflurane for 4 hours daily for 3 days in newborn 
rats increases autophagic vacuoles in hippocampal 
neurons (Xu et al., 2018b), potentially inducing 
cognitive impairment in young mice (Wang et 
al., 2019) that is possibly related to endoplasmic 
reticulum stress (Zhang et al., 2023). In conclusion, 
the toxic effects associated with the neurotoxicity 
of anesthetics include but are not limited to the 
above aspects, with the related research being 
relatively comprehensive.

In vitro studies
The establ ishment of  in  v itro  cel l  culture 
systems has provided further evidence of the 
developmental neurotoxicity of GABAAR agonists 
(Chinn et al., 2020). An early study using primary 
hippocampal neuron cultures found that exposure 
to 100 μmol/L propofol for 3 hours increased 
neuronal apoptosis and significantly reduced 
neuron viability (Tu et al., 2019). Similar results 
were observed after exposure to 3.4% sevoflurane 
for 1, 2, or 5 hours (Xu et al., 2018c). Additionally, 
rat cortical primary neurons exposed to 1.8% 
isoflurane for 6 hours showed a significant 
decrease in the levels of pre- and postsynaptic 
proteins synapsin-1 and Homer-I (Xu et al., 2018a). 

With advancements in stem cell research, one 
study utilized in vitro cultured neural stem cells 
(NSCs) and found that treatment with 1.4% and 
2.8% isoflurane for 6 hours resulted in a reduction 
in the number of BrdU+Sox2+ cells 6 or 24 hours 
after treatment, indicating decreased levels of cell 
proliferation post-treatment (Culley et al., 2011). 
Additionally, mouse NSCs exposed to 100 μmol/L 
propofol for 6 hours exhibited increased apoptosis, 
along with elevated levels of apoptosis-related 
proteins (Zhang et al., 2022).

Organoid models provide physiological systems 
that can effectively simulate various diseases and 
indicate tissue responses to drugs and injuries 
(Lee et al., 2017, 2022; Chhibber et al., 2020; Li et 
al., 2024; Zhou et al., 2024). One study reported 
that human-induced pluripotent stem cell (hiPS)-
derived midbrain organoids exhibited significantly 
reduced cell proliferation after exposure to 2% 
sevoflurane for 6 hours, including premature 
differentiation of dopamine neurons (Shang et 
al., 2022). This evidence partially confirms that 
GABAAR agonists exhibit neurotoxic effects in vitro 
at specific exposure levels.

Related molecular mechanisms
Anesthetics such as GABAAR agonists are widely 
believed to directly act on GABAARs in the CNS 
to induce reversible loss of consciousness, 

amnesia, and sedation (Yin et al., 2019; Muheyati 
et al., 2024). However, the broad spectrum of 
developmental neurotoxicity observed in earlier 
studies exhibits significant dose and concentration 
dependencies that cannot be solely explained 
by the action of GABAARs (Ji et al., 2019; Xu et 
al., 2023). Therefore, numerous studies have 
speculated that these effects are likely mediated 
through the induction of shared signaling pathways 
(Friese et al., 2023), including the protein kinase 
B (Akt)/mammalian target of rapamycin (mTOR) 
(Perluigi et al., 2015; Xu et al., 2018a; Liang et 
al., 2022a; Friese et al., 2023), c-Jun N-terminal 
kinase (JNK)/c-Jun (Li et al., 2013; Bi et al., 2018; 
Liang et al., 2020), and wingless-type mouse 
mammary tumor virus integration site (Wnt)/
β-catenin pathways (Zhang et al., 2013c; Fang et 
al., 2017; Ma et al., 2017; Liu et al., 2018; Wang 
et al., 2021a) and certain microRNAs (miRNAs) 
(Xu et al., 2019a; Wang et al., 2021b; Zhang et al., 
2022). Given the wealth of research in this area, a 
detailed discussion of these studies is beyond the 
scope of this review.

In addition to the aforementioned pathways, 
recent attention has also focused on changes 
in mitochondrial homeostasis regulation (Feng 
et al., 2024; Jia et al., 2024). A previous study 
has shown that exposure of P7 rats to 0.75% 
sevoflurane for 6 hours leads to long-term 
alterations in mitochondrial morphology and 
distribution and neuronal damage (Sanchez 
et al., 2011). Furthermore, propofol-induced 
inhibition of mitochondrial membrane potential 
promotes hippocampal neuronal mitochondrial 
damage in a dose-dependent manner (Liang et al., 
2022b). Additionally, exposure to 1.4% isoflurane 
in mice leads to imbalances in mitochondrial 
dynamics, resulting in oxidative stress and energy 
deficiency and ultimately leading to neurotoxicity 
(Lu et al., 2020). Moreover, propofol-induced 
neuronal cell death via cyclin-dependent kinase 
1 (CDK1)/dynamin-related protein 1 (Drp1)-
mediated mitochondrial fission and mitochondrial 
permeability transition pore (mPTP) opening can 
be partially reversed by mitochondrial fission 
inhibitors (Twaroski et al., 2015).

Furthermore, ongoing research is investigating 
whether GABAAR agonists exert neurotoxic effects 
through GABAAR-related mechanisms (Gascoigne 
et al., 2021). Wang et al. (2024) demonstrated 
that the GABAAR α5 subunit in mice is related to 
sevoflurane-induced partial impairments in long-
term learning and memory. Additionally, isoflurane 
disrupts axonal growth cone guidance through 
GABAARs, affecting neuronal circuit assembly and 
neural circuit formation and thereby exerting 
detrimental effects on developing brains (Mintz 
et al., 2013). The effects of sevoflurane on growth 
cone sensing are also believed to be mediated by 
the GABAAR α2 subunit, and this process depends 
on developmental chloride ion gradients (Xu et 
al., 2019b). Additionally, GABAAR depolarization-
mediated activation of voltage-gated calcium 
channels, which leads to increased intracellular 
calcium levels, is thought to be involved in 
sevoflurane-induced developmental neurotoxicity 
and cognitive impairments (Zeng et al., 2022) as 
well as stress-related cognitive impairments (Liu et 
al., 2016).

In summary, multiple preclinical studies on 

the developmental neurotoxicity of GABAAR 
agonists have been conducted over the past few 
decades, and have yielded exceptionally fruitful 
research outcomes. However, clinical research is 
essential when discussing how anesthetics affect 
developmental neurofunction. Therefore, as 
research progresses, influential clinical studies will 
continue to be published, playing a crucial role in 
advancing this field of study.

Clinical studies 
The aforementioned foundational  studies 
largely suggest that specific exposures during 
anesthesia procedures can impair developmental 
brain neurofunction. Meanwhile, several meta-
analyses have shown that children with single 
or multiple exposure to anesthetics show more 
behavioral problems, worse executive function, 
and higher incidences of neurodevelopmental 
disorder diagnoses than those without exposure 
to anesthetics (Reighard et al., 2022). Since 
clinical research holds greater practical value 
closer to human scenarios, this section will first 
analyze and discuss the clinical studies describing 
“developmental neurotoxicity.”

A m o n g  t h e  s t u d i e s  t h a t  u s e d  a c a d e m i c 
performance as an outcome, a retrospective 
study conducted in 2012 focused on 287 children 
in Iowa who underwent surgery during infancy. 
The study found that the average exam scores 
of the participants were significantly lower than 
the expected normative values, with a higher 
proportion performing poorly academically (Block 
et al., 2012). Additionally, in 2017, a retrospective 
cohort study in Sweden found that children 
who underwent a single instance of anesthesia 
and surgery had lower average school grades 
and intelligence quotient test scores at military 
conscription at 18 years of age in comparison with 
unexposed children (Glatz et al., 2017).

Furthermore,  among studies that ut i l ized 
clinical diagnoses, a retrospective birth cohort 
study conducted in Olmsted County involving 
5357 children born between 1976 and 1982 
found no increased risk of learning disabilities 
associated with a single exposure to anesthesia. 
However, children who were exposed to two 
or more anesthetic drugs showed an increased 
risk of learning disabilities, with the risk rising 
in proportion to the cumulative duration of 
anesthesia exposure (Wilder et al. ,  2009). 
A subsequent matched-cohort study, which 
accounted for health status, confirmed this 
conclusion (Flick et al., 2011). Additionally, a study 
by DiMaggio et al. involving children enrolled in 
the New York State Medicaid program between 
1999 and 2001 found that children under 3 
years of age who underwent hernia repair were 
more than twice as likely to be diagnosed with 
developmental or behavioral disorders than those 
in the control group (DiMaggio et al., 2009).

Neuropsychological testing is also used as a 
highly valued evaluation indicator (Block et al., 
2012). In terms of IQ score, a 2017 study based 
on the Netherlands’ ‘Generation R Study’ found 
that children who underwent anesthesia before 
the age of 5 years had a lower IQ at 6 years of 
age than those who did not undergo anesthesia 
(de Heer et al., 2017). Additionally, a study of 
healthy volunteers aged 5 to 18 years who were 



84  ｜NEURAL REGENERATION RESEARCH｜Vol 21｜No. 1｜January 2026

NEURAL REGENERATION RESEARCH
www.nrronline.org Review

grouped into those who underwent surgery with 
anesthesia before the age of 4 years and those 
who did not revealed that the exposed group 
scored significantly lower in IQ and listening 
comprehension (Backel jauw et al . ,  2015). 
Prospective neuropsychological testing studies 
are currently limited, but Warner et al.’s Mayo 
Anesthesia Safety in Kids (MASK) study on children 
in 2018 categorized children into unexposed, 
single-exposure, and multiply exposed groups 
on the basis of anesthesia exposure before the 
age of 3 years and conducted neuropsychological 
testing at the ages of 8–12 years or 15–20 years 
(Warner et al., 2018). The results indicated that 
children in the multiply exposed group showed 
decreased processing speed and fine motor skills 
than those in the unexposed group, although this 
phenomenon was not observed in the single-
exposure group. Moreover, parents of children 
in the multiply exposed group reported more 
problems of executive function, behavioral, and 
reading-related issues. 

In conclusion, early cl inical studies on the 
neurotox ic  effects  o f  anesthet ics  dur ing 
neurodevelopment were primarily retrospective 
cohort studies. These studies are susceptible to 
confounding factors, such as incomplete data 
collection and the developmental impact of 
the surgeries themselves. Additionally, other 
factors, including underlying neurodevelopmental 
conditions like prematurity, low birth weight, 
chromosomal abnormalities, or congenital heart 
disease, may have also influenced the outcomes. 
As research in this field has progressed, large-
scale prospective clinical studies with high-
quality evidence have emerged. In 2016, the 
Food and Drug Administration (FDA) issued drug 
safety warnings that echoed the conclusions of 
foundational research, indicating that general 
anesthesia and sedation drugs used in children 
younger than 3 years of age for more than 3 
hours or with repeated exposure may affect brain 
development (Andropoulos and Greene, 2017). 
While the intensity of the debate surrounding this 
clinical issue has gradually decreased, the direction 
of scientific inquiry remains a critical concern for 
clinical practitioners and researchers, warranting 
further exploration.

Relative Low-Dose Exposure to 
GABAAR Agonist Sedatives Has 
Minimal Impact on Developing 
Vulnerable Brain Function 
The preceding discussion confirms that the 
developmental neurotoxicity caused by GABAAR 
agonists is concentration- and dose-dependent, 
and the risk of neurotoxicity increases significantly 
with longer exposure times. However, several 
large-scale clinical studies conducted in the early 
21st century concluded that a single exposure 
to anesthesia during surgery has no significant 
impact on the neurological development of 
children, particularly with regard to intelligence (Liu 
et al., 2020; Ing et al., 2021). Thus, the alarming 
results observed in basic research may not 
accurately reflect the real-life scenarios observed 
in children. These findings have led to the need 
to understand the appropriate approach for 
drug selection to meet surgical needs as well as 

determination of drug dosages and administration 
methods. Subsequent studies are now beginning 
to investigate GABAAR agonist administration 
methods that appear to have no effects on 
neurodevelopment, potentially offering valuable 
guidance for clinical drug application.

Clinical studies: single surgery and anesthesia 
exposure show no effects on neurological 
function
To further explore the potential neurotoxicity 
of anesthetics in clinical settings, researchers 
conducted several large-scale human cohort 
studies aimed at addressing previous shortcomings 
such as insufficient sample sizes, non-standardized 
trial designs, and inadequate consideration of 
confounding factors. The results of these studies 
indicate that early, single exposures to general 
anesthetics do not lead to long-term neurological 
changes in humans. The studies supporting this 
conclusion are summarized as follows:

The pediatric anesthesia neurodevelopment 
assessment study
This study used a sibling-matched cohort design 
involving 105 pairs of siblings aged 8 to 15 years. 
The exposed children had a single exposure to 
anesthesia during inguinal hernia surgery within 
the first 36 months of life. The results indicated 
no significant differences in mean IQ scores or 
neuropsychological assessments between the 
exposed and unexposed siblings (Sun et al., 2016).

The general anesthesia compared with spinal 
anesthesia study
This was an international, assessor-masked, 
randomized  contro l led  equ iva lence  t r ia l 
conducted in infants. The results at 2 and 5 
years of age showed no increased risk of adverse 
neurodevelopmental outcomes associated with 
sevoflurane general anesthesia in comparison with 
awake regional anesthesia (Davidson et al., 2016; 
McCann et al., 2019).

Mayo anesthesia safety in kids study
A propensity-guided approach was used in this 
study involving children born in Olmsted County, 
Minnesota. The results indicated that single or 
multiple anesthetic exposures before the age 
of 3 years were not associated with deficits in 
general intelligence. However, multiple exposures 
or longer durations of anesthesia may have been 
linked to decreased processing speed and fine 
motor abilities (Warner et al., 2018).

Additionally, a subsequent meta-analysis showed 
that a single exposure to general anesthesia 
in children was associated with statistically 
s ignif icant increments in parent-reported 
behavioral problems, but the children showed 
no difference in general intelligence (Ing et al., 
2021). Furthermore, recent research indicates 
that children who undergo appendectomy are 
more likely to experience behavioral disorders that 
are not specifically linked to anesthesia (Silber et 
al., 2024). Thus, studies on neurotoxicity should 
consider surgery as a crucial factor (Vutskits and 
Davidson, 2024).

Preclinical studies: single, short-term, relatively 
low-dose anesthesia exposure shows no adverse 
effects on developing mammal brains
The findings of the aforementioned clinical studies 

indicate that the developmental neurotoxicity 
associated with pediatric anesthesia may have 
been overestimated or misunderstood. Therefore, 
this issue needs to be studied in more detail in 
basic research studies, and the findings indicate 
that the appropriate anesthesia exposure does 
not adversely affect the neurofunction of the 
vulnerable brain. Although these studies are 
relatively limited and may be subject to publication 
bias, a thorough investigation is essential for 
guiding pediatric anesthesia practices in a clinical 
setting. In the following paragraphs, we have 
analyzed these studies, focusing particularly on 
the effects of different dosages, durations, and 
frequencies of GABAAR agonist anesthetics on 
neurodevelopment.

Drug dosage
The dosage of anesthetic drugs used has been 
shown to be relevant to neurological outcomes. 
Studies have demonstrated that exposure to 2% 
sevoflurane for 2 hours inhibits hippocampal LTP 
in P7 rats, whereas exposure to 1% sevoflurane 
for the same duration does not produce this effect 
(Kato et al., 2013). Additionally, an intraperitoneal 
injection of 60 mg/kg of propofol in P7 mice 
resulted in a reduction of BrdU+Sox2+ cells in 
the dentate gyrus, significantly inhibiting early 
neurogenesis in this region, while 30 mg/kg of 
propofol did not lead to any changes (Huang et 
al., 2016). Furthermore, treatment with 1.4% 
and 2.8% isoflurane for 6 hours suppressed the 
proliferation levels of rat NSCs, but 0.7% isoflurane 
did not exhibit this toxicity (Culley et al., 2011). 
These findings suggest that when using the same 
anesthetics and exposure durations, appropriately 
reducing the dosage of GABAAR agonist sedatives 
may have no significant neurotoxic effect on the 
developing brain.

Duration
Exposure duration is another key factor influencing 
n e u ro d e ve l o p m e nta l  o u tco m e s .  S t u d i e s 
have reported that exposure of P7 rats to 3% 
sevoflurane for 6 hours resulted in reduced spine 
density, increased expression of synaptic vesicle-
related proteins, damage to the hippocampal 
synaptic ultrastructure, and impairments in both 
hippocampal-dependent spatial and non-spatial 
learning and memory. In contrast, exposure to 
3% sevoflurane for just 1 hour did not produce 
these changes (Xiao et al., 2016). Furthermore, 
in another study comparing durations, P6 rhesus 
monkey infants exposed to isoflurane for 3 hours 
exhibited significantly reduced levels of neuron 
apoptosis in their brains in comparison with those 
exposed for 5 hours (Noguchi et al., 2017). These 
findings suggest that shorter exposure durations 
may not result in significant neurotoxic effects 
from GABAAR agonist sedatives on the vulnerable 
developing brain.

Frequency
The frequency of exposure is another important 
aspect that distinguishes neurotoxic effects. 
Repeated exposure of P7 rats to 2.5% sevoflurane 
for 2 hours on P7, P10, and P13 resulted in 
significant synaptic loss and other toxic effects, 
while single exposures lasting 2 or 6 hours did 
not produce relevant changes (Amrock et al., 
2015). Similarly, newborn rhesus monkeys that 



NEURAL REGENERATION RESEARCH｜Vol 21｜No. 1｜January 2026｜85

NEURAL REGENERATION RESEARCH
www.nrronline.orgReview

received three 5-hour exposures to isoflurane 
exhibited motor reflex defects after one month 
and increased anxiety responses to new social 
environments at 12 months, whereas single 
exposures to isoflurane did not lead to significant 
behavioral changes (Coleman et al., 2017). 
Additionally, repeated exposure of P7 rats to 75 
mg/kg of propofol resulted in significant neuron 
apoptosis and alterations in excitatory synaptic 
transmission in various brain regions, while 
single treatments did not elicit comparable toxic 
responses (Yu et al., 2013). Furthermore, repeated 
administration of 200 mg/kg of etomidate to 
newborn P7 mice led to more pronounced 
cognitive and behavioral deficits in adulthood in 
comparison with the deficits observed with single 
treatments (Zhou et al., 2021). These findings 
suggest that, in experiments involving the same 
anesthetic agent, dosage, and duration, single 
exposures to GABAAR agonist sedatives during 
developmental periods do not exhibit significant 
neurotoxic effects.

After conducting an in-depth review of the 
published literature on the effects of GABAAR 
agonist sedative exposure on the vulnerable 
brain, we have arrived at a preliminary conclusion: 
the  potent ia l  damage caused by  genera l 
anesthetics during developmental periods is 
closely linked to various aspects of the treatment 
strategies, including drug dosage, exposure 
duration, and frequency. Accordingly, single, 
short-term, relatively low-dose exposure to 
GABAAR agonist sedatives does not significantly 
affect neurofunction. Thus, the specific role of 
GABAAR agonist sedatives in neural development 
may represent a mathematical “dose-effect” 
relationship. Consequently, other effects may 
be observable at lower exposure levels where 
toxicity is not observed, and additional findings 
highlighting these effects may be of value.

Sub-Threshold Exposures to 
GABAAR Agonist Sedatives May 
Promote Neurodevelopment 
C o n s i d e r i n g  t h e  fa c t  t h a t  t h e  d o s e s  o f 
GABAAR agonist sedatives required to achieve 
anesthesia effects in rodents and even rhesus 
monkeys (50 to 200 mg/kg) are significantly 
h i g h e r  t h a n  t h o s e  n e e d e d  f o r  c l i n i c a l 
infants and young children (1 to 3 mg /kg;  
Shortal et al., 2018; Anderson and Bagshaw, 2019), 
the conclusions drawn from basic research cannot 
be directly applied to the conditions in pediatric 
procedures. The equivalent drug doses calculated 
based on body surface area yield blood or effect-
compartment concentrations much higher than 
those observed in the brains of infants and 
young children undergoing clinical procedures. 
Consequently, studies have begun to apply GABAAR 
agonists at concentrations relevant to clinical 
sedation, exploring their effects on the developing 
brain and suggesting that these agents may have a 
protective effect.

As early as 2012, Philip et al. reported that 
propofol at a concentration of 7.1 µM can 
promote the differentiation of neural progenitor 
ce l l s  (NPCs)  into  neurons  in  v i t ro ,  whi le 
concentrations greater than 7.1 µmol/L lead to 
cell death (Sall et al., 2012). Qiao et al. (2017) 

obtained similar results, demonstrating that 10 
µmol/L of propofol promotes NPC proliferation 
and neural fate specification, whereas 200 µmol/L  
inhibits NPC proliferation and increases glial fate. 
However, these studies have not received much 
attention. Subsequent research showed that a 
single low dose of propofol (4 mg/kg) can enhance 
hippocampal neurogenesis in P7 mice, improving 
their hippocampus-related learning and memory 
abilities, while a high dose of propofol (50 mg/kg) 
produced detrimental effects (Chen et al., 2022a). 
These findings highlight the importance of dose–
response relationships in the effects of propofol 
on the developing brain: high doses have clear 
damaging effects, while low doses can promote 
beneficial outcomes.

S imi lar  resu l ts  have  been obser ved with 
inhalational anesthetics. Alkire et al. (2005) 
found that exposure to low concentrations 
of sevoflurane (0.11%) can enhance memory 
retention in rats 24 hours later, a phenomenon 
closely associated with the amygdala. In 2015, 
Chen et al. reported that low concentrations (1.8%) 
of sevoflurane anesthesia promote neurogenesis 
in the hippocampus of newborn rats and enhance 
learning ability in the hippocampal dentate gyrus. 
A subsequent study in 2018 corroborated these 
findings, demonstrating that exposure to low 
concentrations of sevoflurane (1.2%) in newborn 
rats improved their learning and memory abilities, 
which is closely related to synaptic formation (Chen 
et al., 2018).

Due to the limited attention received by this 
area of research, the mechanisms underlying 
the neuroprotect ion offered by low-dose 
GABAAR agonists remain in the early stages 
of exploration. A previous study investigating 
t h e  u s e  o f  l ow- d o s e  p ro p o fo l  ( 4  m g / k g )  
have shown that peroxisome proliferator-activated 
receptor-gamma coactivator (PGC)-1α-mediated 
oxidative phosphorylation (OXPHOS) activation 
is involved in promoting neuronal differentiation 
and enhancing hippocampal-related learning and 
memory abilities (Chen et al., 2022a). Another 
study suggests that both low (10 μmol/L) and 
high (200 μmol/L) doses of propofol exert dual 
protective effects on neurons by regulating the 
inositol-1,4,5-trisphosphate receptor (InsP3R) (Qiao 
et al., 2017). Additionally, different concentrations 
of isoflurane may influence the survival and 
neurogenesis of NPCs through differential activation 
of inositol 1,4,5-trisphosphate (InsP3) or ryanodine 
receptors located on the endoplasmic reticulum 
membrane (Zhao et al., 2013). The upregulation of 
hippocampal NMDAR subunit 2B (NR2B) expression 
and the activation of extracellular regulated kinase 
1/2 (ERK1/2) are also believed to enhance spatial 
learning without inducing neuronal apoptosis when 
low concentrations (0.7%) of isoflurane are used 
(Liu et al., 2014).

Interestingly, although these sedatives are widely 
recognized to specifically activate GABAARs, 
most mechanistic studies have not directly 
investigated GABAARs. We believe this oversight 
may be attributable to several factors: (1) 
Activation of GABAARs alone cannot fully explain 
the neurofunctional effects produced by low-
dose GABAAR agonists. (2) These drugs are highly 
lipophilic small molecules that can easily cross 
lipid bilayers, allowing for a variety of potential 

effects. Thus, further research is needed to clarify 
the specific targets and relevant modes of action 
of these drugs, which will significantly guide future 
research efforts.

In conclusion, GABAAR agonist sedatives exhibit 
dual effects on the developing brain: as the total 
anesthetic dose increases, their effects transition 
from protective to neutral and ultimately to 
damaging (Figure 2 and Tables 1–3). However, 
the limited number of researchers currently 
investigating the neuroprotective effects of low-
dose GABAAR agonists has resulted in a scarcity 
of studies, with no unified definition of the 
specific threshold for this transition in effects. 
Moreover, these thresholds are likely to vary 
across clinical pediatric settings, animal models, 
and in vitro culture systems. We speculate that 
the diverse mechanisms reported for GABAAR 
agonist sedatives, combined with their systemic 
effects on the human body, contribute to the 
complex interplay of factors influencing their 
specific effects on neurofunction at different 
anesthetic doses. Thus, this issue can be viewed as 
a “mathematical problem.” Future research should 
focus on assessing thresholds, developing specific 
effect models, and conducting indicator analyses 
to further explore this topic.

Neuroprotective Effects of 
GABAAR Agonist Sedatives 
in Central Nervous System 
Diseases
In  the  prev ious  sect ion ,  GABA AR  agon ist 
sedatives were shown to influence the normal 
neurodevelopmental state of the CNS. Thus, unless 
studies examining these effects account for the 
exposure dosage, frequency, and duration, they 
can be considered to be incomplete. Additionally, 
beyond the developing brain, other stages of 
brain function—including aging, brain injury, and 
neurodevelopmental diseases—should also be 
included in the definition of “vulnerable brains,” 
which may be at the highest risk of anesthetic-
induced neurotoxicity.

Earlier research has suggested that anesthetics 
may have neuroprotective effects in certain 
neurological disorders, such as cerebral ischemia-
reperfusion injury (CIRI) and traumatic brain injury 
(TBI) (Yamaguchi et al., 1999; Engelhard et al., 
2004). This leads to the reasonable speculation 
that a certain “threshold” of effect change must 
exist. However, since the prototypes of exposure in 
this field are significantly different from the normal 
neurodevelopmental state mentioned earlier, the 
corresponding thresholds differ considerably from 
those observed during normal neurodevelopment. 
Since clinical studies have paid limited attention to 
dosage discussions, this section focuses solely on 
preclinical studies to more clearly elucidate dose-
related effects.

In the following sections, we will analyze the 
research on anesthetics in neurological disorders, 
focusing on the differences in effects based on 
the dosage and frequency of exposure to GABAAR 
agonist sedatives. We aim to determine whether 
their protective or toxic effects show any gradient 
changes in various disease models and to explore 
strategies for maximizing their neuroprotective 
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benefits. Furthermore, given the fact that GABAAR 
agonist sedatives have been shown to promote 
neurodevelopmental effects at low exposure 
doses, we will discuss their potential therapeutic 
applications in current models of intractable 
neurodevelopmental disorders.

Central nervous system injury models
As early as the last century, propofol and isoflurane 
were reported to exhibit  neuroprotective 
effects, including inhibition of neuronal death, 
increased cerebral blood flow, and suppression of 
excitotoxicity, in models of CIRI and TBI (Yamaguchi 
et al., 1999; Statler et al., 2000). GABAAR agonist 
sedatives are now widely accepted to provide 
certain protective effects in models of neuronal 
injury; however, further discussion is needed to 
evaluate the optimal exposure dosage.

Neonatal hypoxic–ischemic brain injury 
In neonatal hypoxic-ischemic brain injury (HIBI), 
excitotoxicity and oxidative stress can lead to 
delayed cell death and subsequent neurological 
deficits. Despite the availabil ity of several 
effective treatment methods for this condition, 
the mortality and disability rates associated with 
HIBI remain high (Arnautovic et al., 2024; Yang et 
al., 2024). Encouragingly, preclinical data suggest 
that treatment with GABAAR agonist sedatives can 
improve neurological outcomes in neonatal HIBI 
models.

Pre-treatment with anesthetics is considered 
to offer certain protective effects. Pre-exposure 
to 8.4% desflurane, 1.8% isoflurane, or 3.1% 
sevoflurane for 3 hours improved adult-like object 
recognition and performance in water maze 
tasks in P10 hypoxic–ischemic mice (McAuliffe 
et al., 2009). Other studies have demonstrated 
that pretreating postnatal day 6 (P6) mice with 
1.5% isoflurane for 30 minutes can mitigate the 
neuronal damage following HIBI and enhance 
motor coordination 1 month after ischemia (Zhao 
et al., 2007). Additionally, pre-treatment with 1.8% 
isoflurane for 2 hours can reduce mortality rates 
following HIBI in P9 neonatal mice and improve 
striatal function in adulthood (McAuliffe et al., 
2007).

Furthermore, early intervention following injury 
also has significant protective effects. In P7 rats 
subjected to HIBI, exposure to 2.4% sevoflurane 
for 30 minutes significantly improves learning and 
memory function, reduces astrocyte proliferation 
and glial scar formation, increases dendritic 
spine density, and preserves hippocampal tissue 
morphology (Gao et al., 2021). The underlying 
mechanisms suggest that sevoflurane may exert 
neuroprotective effects by inhibiting autophagy 
through the inositol-requiring enzyme-1 (IRE1)-
JNK-beclin1 signaling pathway (2.4%, 30 minutes) 
(Niu et al., 2021) or by regulating the enhancer of 
zeste homolog 2 (Ezh2)-modulated phosphatase 
and tensin homolog deleted on chromosome 10 

Figure 2 ｜ Overview of the dual effects of GABAAR agonist anesthetics on neurodevelopment. 
GABAAR agonist anesthetics present dose-dependent dual effects on neurodevelopment. As we mentioned 
above, low-dose GABAAR agonist anesthetics may interact with multiple molecular signaling pathways to promote 
neurogenesis, reduce neuroinflammation, enhance mitochondrial metabolism, and protect neurons. Thus, they provide 
neuroprotective benefits, including improvements in cognitive function, alleviation of anxiety and depression, and 
enhancements in social abilities. In contrast, high-dose GABAAR agonist anesthetics activate signaling pathways that 
inhibit neurogenesis, promote neuroinflammation, impair mitochondrial metabolism, and damage neurons, leading 
to neurotoxicity effects. Created with BioRender.com. Akt: Protein kinase B; CDK1/Drp1: cyclin-dependent kinase 1/
dynamin-related protein 1; eEF2: eukaryotic elongation factor 2; ERK: extracellular regulated kinase 1/2; FGF2: fibroblast 
growth factor 2; FOXO4: forkhead box O4; GABAAR: gamma-aminobutyric acid type A receptor; GSK3β: glycogen 
synthase kinase-3beta; IL-8: interleukin-8; iNOS: inducible NOS; JNK: Jun N-terminal kinase; MAPK: mitogen-activated 
protein kinase; miRNA: microRNA; MMP: matrix metalloproteinase; NF-κB: nuclear factor-κB; PGC-1α: peroxisome 
proliferator-activated receptor-gamma coactivator-1α; Smad: Sma- and Mad-related protein; Wnt: wingless-type mouse 
mammary tumor virus integration site.

(Pten)/Akt/mTOR signaling pathway (2.5%, 30 
minutes) (Xue et al., 2019).

Anesthetic exposure in the early post-treatment 
phase is also considered to be protective. In P7 
rats, administration of 1.5% or 2% isoflurane for 
30 minutes within 6 hours of left common carotid 
artery ligation can reduce the decrease in weight 
and neuron density in both the left and right 
hemispheres. However, this protective effect is 
not observed with 1% isoflurane administered 
within 6 hours or with 1.5% or 2% isoflurane 
administered after 6 hours (Xu et al., 2016). 
This suggests that isoflurane post-treatment in 
neonatal HIBI induces concentration-dependent 
neuroprotection, with the optimal dosage and 
timing being crucial. Similarly, a previous study 
has shown that post-treatment with 2% isoflurane 
for 1 hour can reduce infarct volume after HIBI 
in rats via the sphingosine-1-phosphate (S1P)/
phosphatidylinositol-3-kinase (PI3K)/Akt pathway, 
providing long-term neuroprotection (Zhou et 
al., 2010). Likewise, post-treatment with 15 μM 
propofol for 1 hour can alleviate the decrease in 
cell viability and the increase in apoptosis caused 
by hypoxia in hippocampal neurons, likely through 
enhanced expression of the glial glutamate 
transporter-1 (GLT-1) and modulation of the JNK/
Akt signaling pathway (Gong et al., 2016).

In summary, the preclinical studies described 
above indicate that GABAAR agonist sedatives 
provide concentration-dependent neuroprotective 
effects in neonatal HIBI, akin to the “mathematical 
problem” encountered in developing brains. 
However, due to the lack of studies examining 
higher doses, the potential toxic effects of these 
higher doses remain unclear.

Cerebral ischemia–reperfusion injury 
CIRI is a critical factor contributing to the poor 
prognosis in ischemic stroke patients, and the 
protective effects of GABAAR agonist sedatives 
against CIRI have been extensively studied (Jurcau 
and Simion, 2021; Chen et al., 2022b). The 
following paragraphs provide detailed explanations 
based on the type of drug.

Propofol is one of the earliest compounds 
identified to possess neuroprotective effects 
against CIRI (Young et al., 1997). A previous study 
demonstrated that intravenous administration of 
5 mg/kg of propofol 10 minutes prior to cerebral 
ischemia, followed by a continuous infusion at 
20 mg/kg/h post-reperfusion, can suppress the 
elevation of interleukin-8 (IL-8), endothelin-1, 
and malondialdehyde levels following CIRI (Wei 
et al., 2012). Higher doses, ranging from 20 to  
50 mg/kg/h, can improve neurological outcomes 
and reduce both infarct volume and apoptosis 
(Liang et al., 2013). In contrast, lower doses (10 
mg/kg/h) have been found to be ineffective. Doses 
between 50 and 150 mg/kg administered before 
or after ischemia have been shown to alleviate 
CIRI by reducing oxidative stress, inflammation, 
and neuronal death, while also protecting 
mitochondrial structure and function (Chen and Li, 
2021; Hu et al., 2021; Fan et al., 2023).

Isoflurane is also recognized for its significant 
neuroprotective effects against CIRI (Chen 
et al., 2022b). Administering 1.5% isoflurane 
for 60 minutes in rats following 90 minutes 
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of arterial occlusion reduces cerebral infarct 
volume, improves neurological deficit scores, 
and decreases neuronal damage and apoptosis 
(Ge et al., 2021). The neuroprotective effects of 
isoflurane are associated with the activation of 
the bone morphogenetic protein 7 (BMP7)/Sma- 
and Mad-related protein 1/5/9 (Smad1/5/9) and 
p38 mitogen-activated protein kinase (p38MAPK) 
signaling pathways. Additionally, post-treatment 
administration of 1.5% and 3.0% isoflurane 
significantly reduces neurobehavioral defect 
scores and decreases the infarct area in CIRI rats. 
In contrast, post-treatment administration of 4.5% 
isoflurane does not show significant differences 
in behavioral defect scores and results in a lesser 
reduction in infarct area compared with the lower 
doses (Wang et al., 2016).

Studies involving sevoflurane have demonstrated 
that administering 2% sevoflurane for 15 minutes 

during middle cerebral artery occlusion modeling 
in 8-  to 10-week-old rats upregulates the 
expression of microRNA 203, leading to reduced 
inflammation, neuronal apoptosis, and infarct area 
(Zhong et al., 2020). Furthermore, pre-treatment 
with 2% sevoflurane for 2 hours significantly 
reduces neuronal degeneration in CIRI rats, while 
pre-treatment with 1% or 4% sevoflurane for the 
same duration is less effective (Wen et al., 2016). 
Additionally, pre-treatment with 2.5% sevoflurane 
for 30 minutes, administered three times, or 4% 
sevoflurane for 1 hour can provide neuroprotection 
against CIRI by reducing inflammation, minimizing 
oxidative stress, and inhibiting apoptotic pathways 
(Su et al., 2021; Yang et al., 2022).

Desflurane has also been reported to have 
neuroprotective effects against CIRI. Administering 
desflurane anesthesia at 1.0, 1.25, or 1.5 minimum 
alveolar concentration (MAC) after inducing 

cerebral infarction in rats reduces infarct area 
and plasma lactate dehydrogenase (LDH) activity, 
with 1.25 MAC being more effective than 1.5 MAC 
(Tsai et al., 2004). Thus, desflurane provides dose-
dependent neuroprotection against CIRI, indicating 
the possibility of a threshold effect.

A newly approved sedative, remimazolam, 
administered at 5–20 mg/kg during CIRI, improves 
neurological function, reduces infarct volume, and 
alleviates neuron damage, with the best observed 
effects at 10 mg/kg (Shi et al., 2022).

Overall, these research findings suggest that most 
GABAAR agonist sedatives exhibit an “optimal 
exposure dosage” for neuroprotection against CIRI, 
with the protective effect diminishing from high to 
low doses beyond this threshold. Drug use within 
this threshold demonstrates dose-dependent 
neuroprotective effects, while doses above this 

Table 1 ｜ The relationship between propofol and vulnerable brain

Model Propofol
Drug, age of exposure or 
duration of exposure Outcome Influence Reference

Mouse 4 mg/kg P7 Spatial cognitive ability↑ Neurogenesis↑ Memory ability– ↑ Chen et al., 2022a
Mouse 30 mg/kg P7 Proliferation– Neurogenesis↓ ↓ Huang et al., 2016

Mouse 50 mg/kg P7 Spatial cognitive ability↓ Memory ability– ↓ Chen et al., 2022a
Mouse 60 mg/kg P7 Proliferation↓ Neurogenesis↓ ↓ Huang et al., 2016
Rat 75 mg/kg P7 Apoptosis and neuronal loss↑ ↓ Yu et al., 2013

Spatial learning and memory ability– –
Excitatory amino acid neurotransmitter– –

Rat P7, P8, P9, P10, P11, P12, 
P13

Apoptosis and neuronal loss↑ Spatial learning and memory 
ability↓ Excitatory amino acid neurotransmitter↓

↓ Yu et al., 2013

Thy1.2-GCaMP6 transgenic mouse 200 mg/kg P7 Cognitive and behavioral function– – Zhou et al., 2021
Thy1.2-GCaMP6 transgenic mouse P7, P9, P11 Neuronal activity, cognitive and behavioral function↓ ↓ Zhou et al., 2021
NSPC 1 μM 3 h Mitochondrial function– – Liang et al., 2022b
Hippocampal precursor cell 2.1 μM 6 h Neuronal differentiation↑ ↑ Sall et al., 2012
Hippocampal precursor cell 24 h Neuronal differentiation↑ ↑ Sall et al., 2012
Hippocampal precursor cell < 7.1 μM 6 h LDH– – Sall et al., 2012
Hippocampal precursor cell 24 h LDH– – Sall et al., 2012
Hippocampal precursor cell > 7.1 μM 6 h LDH↑ ↓ Sall et al., 2012
Hippocampal precursor cell 24 h LDH↑ ↓ Sall et al., 2012
NSPC 10 μM 3 h Mitochondrial function↓ ↓ Liang et al., 2022b
NSPC 6 h Cell viability↑ ↑ Qiao et al., 2017
NSPC Apoptosis↑ ↓ Zhang et al., 2022
NSPC Proliferation– – Huang et al., 2016
NSPC 24 h Proliferation↑ Neuronal fate↑ Cell viability↑ ↑ Qiao et al., 2017
NSPC Proliferation, neuronal differentiation, mitochondrial 

metabolism↑
↑ Chen et al., 2022a

NSPC Apoptosis– – Huang et al., 2016
NSPC 48 h Apoptosis– – Huang et al., 2016
HESC-derived neuron 2 μg/mL 6 h Neuron death↑ Mitochondrial fission↑ ↓ Twaroski et al., 2015
NSPC 50 μM 6 h Apoptosis↑ ↓ Zhang et al., 2022
NSPC Apoptosis– – Huang et al., 2016
NSPC 24 h Apoptosis↑ ↓ Huang et al., 2016
NSPC 48 h Apoptosis↑ ↓ Huang et al., 2016
NSPC 100 μM 3 h Mitochondrial function↓ Apoptosis↑ ↓ Liang et al., 2022b
Hippocampal neuron Apoptosis↑ ↓ Tu et al., 2019
NSPC 6 h Cell viability– – Qiao et al., 2017
NSPC Apoptosis– – Huang et al., 2016
NSPC 24 h Apoptosis↑ ↓ Zhang et al., 2022
NSPC Apoptosis↑ ↓ Huang et al., 2016
NSPC Cell viability– Autophagy↑ ↓ Qiao et al., 2017
NSPC 48 h Apoptosis↑ ↓ Huang et al., 2016
NSPC 200 μM 6 h Cell viability↓ ↓ Qiao et al., 2017
NSPC 24 h Cell viability↓ Proliferation↓ Glial fate↑ ↓ Qiao et al., 2017
NSPC 2-24 h Autophagy↑ ↓ Qiao et al., 2017
NSPC 300 μM 6 h Cell viability↓ ↓ Qiao et al., 2017
NSPC 24 h Cell viability↓ ↓ Qiao et al., 2017

On the column of outcome, the arrows indicate the following meaning: ↑: Increase ; ↓: Decrease; –: No significant effect; On the column of influence, the arrows indicate the 
following meaning: ↑: Neuroprotective effect; ↓: Neurotoxic effect; –: No significant effect. LDH: Lactate dehydrogenase; NSPC: neural stem/progenitor cell.
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level may diminish that protective effect. Although 
not yet reported, further increasing the dose 
could lead to potential neurotoxicity and damage, 
particularly in developing brains. Additionally, 
various drugs appear to show differing effects: 
propofol primari ly exhibits concentration-
dependent protective effects within the reported 
exposure doses, whereas inhaled anesthetics tend 
to have an “intermediate value” as the optimal 
exposure dose.

Traumatic brain injury
Traumatic brain injury (TBI) is a risk factor for 
the development of chronic traumatic brain 
disease, all-cause dementia, Parkinson’s disease, 
and various neurodegenerative diseases (Brett 
et al., 2022; Zhang et al., 2025). GABAAR agonist 
sedatives have also been reported to exhibit 
protective effects against TBI.

S tat l e r  e t  a l .  ( 2 0 0 0 )  d e m o n st rate d  t h at 
administering 1% isoflurane anesthesia for 4 hours 
after controlled cortical impact (CCI) in adult 
male Sprague–Dawley rats improved long-term 
neurological outcomes and reduced damage to 
CA1 hippocampal neurons by increasing cerebral 
blood flow and decreasing excitotoxicity following 
TBI. Another study found that rats treated with 1% 
isoflurane for 30 minutes prior to TBI performed 
better in beam balance, beam walking, and Morris 
water maze tests, and exhibited increased survival 
of hippocampal neurons (Statler et al., 2006b). 
Additionally, a comparative study of various 
anesthetics and sedatives—including diazepam, 
fentanyl ,  isof lurane,  ketamine,  morphine, 
pentobarbital, and propofol—after CCI revealed 
that rats treated with 1% isoflurane for 1 hour 
demonstrated the best cognitive recovery and 
survival of hippocampal neurons (Statler et al., 

2006a). Post-treatment with 1%, 3%, and 5% 
sevoflurane for 1 hour has also been shown to 
mitigate neuronal apoptosis induced by TBI in rats 
through the activation of the enhancer of zeste 
homolog 2 (EZH2)/Krüppel-like factor 4 (KLF4) 
axis and the p38-MAPK signaling pathway in a 
dose-dependent manner (Wang et al., 2021c). 
Furthermore, administering 2.4% sevoflurane 
for 1 hour after CCI can improve brain edema, 
neurological deficits, and neuronal autophagy and 
apoptosis by activating the fibroblast growth factor 
2 (FGF2)/EZH2 axis and downregulating hairy and 
enhancer of split 1 (HES1) (Wang et al., 2022).

Propofol is a frontline sedative for TBI patients in 
clinical practice (Oddo et al., 2016). A previous 
study has shown that incubating organotypic 
hippocampal brain slices with 10–400 μmol/L 
propofol for 72 hours after focal mechanical injury 
can dose-dependently reduce both total tissue 
damage and secondary tissue damage (Rossaint 
et al., 2009). Another study demonstrated that 
administering 50 or 100 mg/kg of propofol 10 
minutes after TBI modeling in mice can dose-
dependently decrease brain water content 
following TBI, which is associated with the 
inhibition of aquaporin-4 (AQP-4) expression (Ding 
et al., 2013). Furthermore, intravenous injection 
of 12.5 mg/kg propofol within 5 minutes of TBI, 
followed by a continuous infusion at 40 mg/kg/h for 
2 hours, can maintain the balance of interleukin-17 
(IL-17)-producing T helper (Th17) and regulatory T 
(Treg) cells through the microRNA-145-3p/nuclear 
factor of activated T cells c2 (NFATc2)/NF-κB axis in 
rats. This mechanism attenuates the inflammatory 
response and reduces brain damage in TBI rats (Cui 
et al., 2021a).

Other drugs, such as etomidate and thiopental, 
a l s o  e x h i b i t  s i m i l a r  p ro t e c t i v e  e f fe c t s . 

Administering 2 mg/kg of etomidate intravenously 
5 minutes before or after injury in male Sprague–
Dawley rats that had undergone CCI can mitigate 
secondary damage caused by TBI, with more 
pronounced effects observed on pre-treatment 
exposure (Dixon et al., 2003). Additionally, 
administering 0.01–2 mM of thiopental after 
hypoxia treatment of human SK-N-SH neurons or 
primary mouse cortical neurons—used to simulate 
TBI—can inhibit protein synthesis and prevent 
hypoxic neuronal cell death by promoting the 
phosphorylation of eukaryotic elongation factor 2 
(eEF2) (Schwer et al., 2013). However, comparative 
studies examining different drug doses are 
currently lacking.

The research findings suggest that GABAAR agonist 
sedatives exhibit dose-dependent neuroprotective 
effects within a specific range against TBI. 
However, due to the limited number of reported 
studies, determination of a threshold effect related 
to drug dosage is currently challenging.

Intracerebral hemorrhage 
Intracerebral hemorrhage (ICH) can lead to brain 
dysfunction through inflammatory reactions, 
hemoglobin breakdown, complement activation, 
and other processes, among which the activation 
of microglia plays a crucial role (Lan et al., 2017). 
A previous study has shown that anesthesia with 
2.2% sevoflurane significantly delays the activation 
of microglia and reduces their level following ICH 
in adult rats (Karwacki et al., 2006). Additionally, 
research has demonstrated that 2% sevoflurane 
alleviates hippocampal neuron apoptosis in mice 
after ICH by upregulating miR-133b, inhibiting 
forkhead box O4 (FOXO4), and activating the B-cell 
lymphoma/leukemia 2 (BCL2) (Li et al., 2023). 

Table 2 ｜ The relationship between isoflurane and vulnerable brain

Model Isoflurane
Age or duration of 
each exposure Outcome Influence Reference

Mouse 0.50% 6 h, P7 Ferroptosis↑ Spatial learning and memory abilities↓ ↓ Liu et al., 2021

Rat 0.75% 6 h, P7 Mitochondrial morphogenesis and function↓ ↓ Sanchez et al., 2011
Synaptic transmission↓ ↓

Rat 6 h, P7 Neuron death↑ Spatial learning and memory abilities↓ ↓ Ma et al., 2017
Rat 6 h, P7 Social and emotional development↓ ↓ Diana et al., 2020
Mouse 1.00% 6 h, P7 Ferroptosis↑ Spatial learning and memory abilities↓ ↓ Liu et al., 2021
Rat 1.10% 4 h, P7 Apoptosis ↑ ↓ Li et al., 2013
Mouse 1.50% 2 h, P7 Ferroptosis↑ Spatial learning and memory abilities↓ ↓ Liu et al., 2021
Mouse 4 h, P7 Ferroptosis↑ Spatial learning and memory abilities↓ ↓ Liu et al., 2021
Mouse 6 h, P7 Ferroptosis↑ Spatial learning and memory abilities↓ ↓ Liu et al., 2021

Rhesus macaque 0.7%–1.5% 3 h, P6 Apoptosis↑ ↓ Noguchi et al., 2017
Rhesus macaque 5 h, P6 Motor and behavioral development– – Coleman et al., 2017
Rhesus macaque 5 h, P6; P9; P12 Motor and behavioral development↓ ↓ Coleman et al., 2017
NSPC 0.60% 1 h Proliferation↑ Cytotoxicity– ↑ Zhao et al., 2013

NSPC 0.70% 6 h Proliferation– – Culley et al., 2011
NSPC 1.20% 1 h Proliferation– Cytotoxicity– – Zhao et al., 2013
Dissociated neuron 8 h Axon guidance↓ ↓ Mintz et al., 2013
NSPC 1.40% 6 h Proliferation↓ ↓ Culley et al., 2011
primary neuron 1.80% 6 h Synapse formation↓ ↓ Xu et al., 2018a
H4 cell, microglia, primary neuron 2.00% 6 h Neuroinflammation↑ ↓ Zhang et al., 2013a

NSPC 2.40% 1 h Proliferation↓ Cytotoxicity– Glial cell fate– ↓ Zhao et al., 2013
primary neuron 6 h Synapse formation↓ ↓ Xu et al., 2018a
NSPC 24 h Cytotoxicity↑ Glial cell fate↑ ↓ Zhao et al., 2013
NSPC 2.80% 6 h Proliferation↓ ↓ Culley et al., 2011

On the column of outcome, the arrows indicate the following meaning: ↑: Increase ; ↓: Decrease; –: No significant effect; On the column of influence, the arrows indicate the 
following meaning: ↑: Neuroprotective effect; ↓: Neurotoxic effect; –: No significant effect. NSPC: Neural stem/progenitor cell.
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Furthermore, treatment with 30 and 60 mg/kg  
propofol after ICH in rats dose-dependently 
suppresses the release of inflammatory factors, 
upregulates matrix metalloproteinase-9 (MMP-9) 
expression in the brain, and induces neurogenesis 
to alleviate the condition, whereas the effect of 
15 mg/kg propofol is less pronounced (Han et al., 
2015). These results suggest that GABAAR agonist 
sedatives have a dose-dependent neuroprotective 
effect on ICH within a certain range. 

Subarachnoid hemorrhage
Delayed cerebral ischemia (DCI) has been identified 
as a significant factor contributing to a poor 
prognosis following subarachnoid hemorrhage 
(SAH) caused by aneurysms (Wolfert et al., 2022). 
Pre-treatment with 2% isoflurane for 1 hour at 
1 hour after SAH was shown to downregulate 
inducible nitric oxide synthase (iNOS) levels 
and provide protection against DCI following 
SAH in mice (Liu et al., 2023b). Additionally, a 

previous study has indicated that administering 
2% isoflurane for 1 hour post-SAH can protect 
against DCI by inhibiting microglial activation 
and reducing NF-κB levels (Liu et al., 2023a). In 
adult male rats with acute SAH, sedation with 4% 
sevoflurane for 4 hours maintains hemodynamic 
stability without increasing intracranial pressure, 
enhances membrane stability, and reduces brain 
water content by lowering β-chain protein levels, 
thereby alleviating the formation of early brain 

Table 3 ｜ The relationship between sevoflurane and vulnerable brain

Model Sevoflurane
Age or duration of 
each exposure Outcome Influence Reference

Rat 0.85% 6 h, P7 Neuron death↑ Spatial learning and memory abilities↓ ↓ Ma et al., 2017
Rat 1.00% 1 h, P7 Apoptosis↑ Spatial learning and memory abilities↓ ↓ Xu et al., 2019a
Rat 2 h, P7 LTP– – Kato et al., 2013

1.20% 6 h, P7 Neurogenesis, synaptic plasticity↑ ↑ Chen et al., 2018
Spatial learning and memory ability↑ ↑

Rat 1.80% 6 h, P4–6 Proliferation, survival of newborn cell↑ ↑ Chen et al., 2015
Motor system and emotion– DG-dependent learning ability↑ ↑

Rat 2.00% 1 h, P7 Apoptosis↑ Spatial learning and memory abilities↓ ↓ Xu et al., 2019a
Rat 2 h, P7 LTP↓ ↓ Kato et al., 2013

2 h, P7 Synaptic ultrastructure↓ Temporary spatial working memory↓ ↓ Sun et al., 2019
Rat 4 h, P7; P8; P9 Inflammation↑ Spatial learning and memory abilities↓ ↓ Wang et al., 2021
Rat 2.40% 6 h, P7 Neurogenesis, synaptic plasticity– – Chen et al., 2018

Spatial learning and memory abilities– –
Rat 2.50% 2 h, P7 Synaptic density, presynaptic mitochondrial density– – Amrock et al., 2015
Mouse 2 h, G15.5–G17.5 Neurogenesis↓ Cognitive function↓ ↓ Fang et al., 2017
Rat Synaptic density, presynaptic mitochondrial density↓ ↓ Amrock et al., 2015
Rat 6 h, P7 Synaptic density, presynaptic mitochondrial density↓ ↓ Amrock et al., 2015
Rat 3.00% 1 h, P7 Synaptic plasticity– LTP– Spatial learning and memory abilities– – Xiao et al., 2016
Mouse 2 h, P6 Neuroinflammation, cognitive function– – Shen et al., 2013
Rat 2 h, P7 Autophagy↑ Spatial learning and memory abilities↓ ↓ Zhang et al., 2023
Rat 2 h, P4; P5; P6 Stress response↑ Spatial learning and memory abilities↓ ↓ Liu et al., 2016
Rat 2 h, P6; P7; P8 Iron overload↑ Cognitive function↓ ↓ Wu et al., 2020
Rat Synapse formation↓ Spatial and fear memory, anxiety behavior↓ ↓ Liang et al., 2020a
Mouse Neuroinflammation, cognitive function↓ ↓ Shen et al., 2013
Mouse Neuroinflammation, cognitive function↓ ↓ Kang et al., 2024
Mouse Autophagy↑ Spatial learning and memory abilities↓ ↓ Wang et al., 2019
Mouse Inflammation, apoptosis↑ Spatial learning and memory abilities↓ ↓ Zeng et al., 2022
Rat 4 h, P7 Apoptosis↑ Spatial learning and memory abilities↓ ↓ Bi et al., 2018
Rat 4 h, P7; P8; P9 Inflammation↑ Spatial learning and memory abilities↓ ↓ Wang et al., 2021a
Mouse 6 h, P6 Apoptosis↑ Long-term memory, social behavior↓ ↓ Satomoto et al., 2009
Rat 6 h, P7 Synaptic plasticity↓ LTP↓ Spatial learning and memory abilities↓ ↓ Xiao et al., 2016
Rat 3.40% 4 h, P7 Autophagy↑ ↓ Xu et al., 2018b
Rat 4 h, P7; P8 Autophagy↑ ↓ Xu et al., 2018b
Rat 4 h, P7; P8; P9 Autophagy↑ ↓ Xu et al., 2018b
Rat 4.00% 1 h, P7 Apoptosis↑ Spatial learning and memory abilities↓ ↓ Xu et al., 2019a
NSPC 2.00% 6 h Proliferation– – Zhang et al., 2013c

Ferroptosis↑ ↓ Kang et al., 2024

12 h Ferroptosis↑ ↓ Kang et al., 2024
24 h Ferroptosis↑ ↓ Kang et al., 2024

Hippocampal neuron 3.00% 6 h Iron overload↑ ↓ Wu et al., 2020
Hippocampal neuron 3.40% 1 h Autophagy, apoptosis↑ ↓ Xu et al., 2018b
Hippocampal neuron 3 h Autophagy, apoptosis↑ ↓ Xu et al., 2018b
Hippocampal neuron 5 h Autophagy, apoptosis↑ ↓ Xu et al., 2018b

Hippocampal neuron 4.00% 6 h Ferroptosis↑ ↓ Kang et al., 2024
Hippocampal neuron 12 h Ferroptosis↑ ↓ Kang et al., 2024
Hippocampal neuron 24 h Ferroptosis↑ ↓ Kang et al., 2024
NSPC 4.10% 2 h, for 3 d Neurogenesis↓ ↓ Fang et al., 2017
NSPC 6 h Proliferation↓ ↓ Zhang et al., 2013
Hippocampal neuron Apoptosis↑ ↓ Liang et al., 2022
NSPC Cell cycle↓ ↓ Liu et al., 2018
H4 cell Neuroinflammation↑ ↓ Zhang et al., 2013

Hippocampal neuron 8.00% 6 h Ferroptosis↑ ↓ Kang et al., 2024
Hippocampal neuron 12 h Ferroptosis↑ ↓ Kang et al., 2024
Hippocampal neuron 24 h Ferroptosis↑ ↓ Kang et al., 2024

On the column of outcome, the arrows indicate the following meaning: ↑: Increase ; ↓: Decrease; –: No significant effect; On the column of influence, the arrows indicate the 
following meaning: ↑: Neuroprotective effect; ↓: Neurotoxic effect; –: No significant effect. DG: Dentate gyrus; LTP: Long-term potentiation; NSPC: Neural stem/progenitor cell. 
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edema (Beck-Schimmer et al., 2020). Furthermore, 
propofol has been shown to mitigate early brain 
injury induced by SAH by activating the PI3K/Akt 
signaling pathway, which suppresses inflammation 
and oxidative stress (Zhang et al., 2019). However, 
comprehensive dosage studies to determine the 
optimal exposure levels for these treatments are 
currently lacking.

Due to the previously discussed models of 
neurological damage, particularly in certain 
reversible conditions such as ICH and TBI, 
established clinical treatment strategies exist. 
However, the role of anesthetic drugs in the 
rehabilitation process has not been sufficiently 
emphasized. In contrast, for diseases with long-
term and significant sequelae, such as neonatal 
HIBI and CIRI, current treatment methods aimed 
at improving prognosis remain inadequate. 
Therefore,  the neuroprotect ive effects  of 
anesthetic drugs warrant greater attention. This 
article examines these diseases individually, 
with the goal of summarizing and exploring the 
“threshold effect” of anesthetics on the vulnerable 
brain on the basis of existing knowledge.

In summary, GABAAR agonist sedatives exhibit 
varying effects across different models of 
drug- and injury-induced neurological damage. 
Extensive research in this area indicates that 
anesthetic drugs have a therapeutic threshold 
for neuroprotection in CIRI, and that differences 
exist among various drugs, as detailed above. In 
contrast, for neonatal HIBI and TBI, current dose–
response studies primarily revealed concentration-
dependent protective effects, although the 
number of studies in this area is somewhat 
limited. Research on hemorrhagic diseases is 
even more scarce, making it challenging to draw 
relevant conclusions. Considering the effects of 
GABAAR agonist sedatives in the context of the 
developing and vulnerable brain, we can speculate 
that in different disease models and with different 
drugs, there exists an exposure threshold where 
these agents exhibit a “protective—neutral—toxic” 
effect.

Neural developmental disorders
Autism spectrum disorder 
A u t i s m  s p e c t r u m  d i s o r d e r  ( A S D )  i s  a 
heterogeneous neurodevelopmental condition 
characterized by social deficits, for which there are 
currently no definitive treatment options beyond 
behavioral interventions (Lord et al., 2020; Roy 
and Strate, 2023). Basic research suggests that 
impairments in GABAergic synaptic transmission 
leading to excitatory/inhibitory imbalance 
within specific cortical circuits may account for 
many of the behavioral symptoms observed in 
ASD. Thus, GABAAR agonist sedatives may have 
neuroprotective effects in individuals with ASD 
(Port et al., 2017), leading to a growing body of 
research focused on this phenomenon.

Cui et al. (2021b) found that exposing P16-17 
BTBR T+ Itpr3tf/J (BTBR) mice to 2.5% sevoflurane 
for three sessions of 1 hour each, with a 2-hour 
interval between exposures, can reduce autism-
like behaviors, improve excitatory/inhibitory 
balance, and enhance mitochondrial respiration 
and brain-derived neurotrophic factor (BDNF) 
signaling in these mice. Similarly, a previous study 
demonstrated that administering 25 and 50 

mg/kg of propofol can improve social deficits in 
8-week-old BTBR mice, with higher doses reducing 
repetitive self-grooming behaviors and marble 
burying (Cai et al., 2017). However, due to the 
unclear pathogenesis of ASD and the challenges 
in standardizing animal models, the applicability 
of these conclusions remains debatable. Although 
the number of relevant studies is limited, the 
recent discovery of the protective effects of these 
anesthetic agents has generated excitement 
among researchers in the field of ASD. Further 
in-depth research could potentially provide new 
options and directions for the treatment of ASD.

Attention deficit hyperactivity disorder 
Attention deficit hyperactivity disorder (ADHD) is a 
common, highly heritable condition characterized 
by symptoms of inattention, impulsivity, and 
hyperactivity (Posner et al., 2020). In clinical 
research, a study of all children born in Rochester, 
Minnesota, between 1976 and 1982 found 
that repeated exposure to surgeries requiring 
general anesthesia before the age of 2 years was 
associated with an increased risk of developing 
ADHD later in life (Sprung et al., 2012). Conversely, 
a retrospective matched-cohort study of children 
born in Taiwan, China between 2001 and 2005 
found no increased risk of ADHD among children 
exposed to anesthesia (either single or multiple 
times) before the age of 3 years in comparison 
with those who were not exposed (Ko et al., 2014).

However, basic research studies have yielded 
contradictory findings regarding the potential 
risk of ADHD development associated with early 
exposure to GABAAR agonist sedatives (Xu et 
al., 2019c). One study exposed P6 mice to 3% 
sevoflurane for 2 hours per day over 3 days, and 
the findings showed that adult mice exhibited 
increased jumping time and significantly shortened 
latency to the first jump in the cliff avoidance 
response test. This phenomenon was associated 
with chemogenetic activation of excitatory 
neurons in the medial prefrontal cortex (mPFC), 
suggesting that multiple exposures to sevoflurane 
may induce impulsive behaviors resembling ADHD 
in adulthood (Xie et al., 2020). In contrast, another 
study exposed P7 mice to 2.5% sevoflurane for 2 
hours, or to sevoflurane at P7, P10, and P13 for 2 
hours each, and found that this exposure during 
early development did not impair attention in 
adult mice (Murphy et al., 2017).

ADHD, as a refractory condition, has been 
receiving increasing attention within the field 
(Posner et al., 2020). Currently, the role of GABAAR 
agonist sedatives in ADHD is believed to primarily 
fall within the “neutral-to-toxic” spectrum. Further 
research is needed to determine whether lower 
concentrations of these sedatives can have 
neuroprotective effects in individuals with ADHD.

In addition to the aforementioned studies 
related to ASD and ADHD, no other reports have 
described the application of GABAAR agonist 
sedatives in neurodevelopmental disorders 
such as cerebral palsy, developmental delays, 
intellectual disabilities, Down syndrome, or 
amyotrophic lateral sclerosis. Furthermore, 
reports on the neuroprotective effects of GABAAR 
agonist sedatives in developmental disorders are 
also scarce. However, as researchers increasingly 
focus on this area, GABAAR agonist sedatives are 

believed to hold potential for breakthroughs in the 
treatment of developmental diseases.

Neurodegenerative disease
Alzheimer’s disease
Alzheimer’s disease (AD) is a multifactorial and 
heterogeneous neurodegenerative disease that 
occurs in older adults and is characterized by 
progressive cognitive impairment and behavioral 
deficits (Scheltens et al., 2021). Currently, no 
confirmed effective drugs are available for 
the treatment of AD. Previous studies have 
suggested that  GABA AR agonist  sedat ives 
have neurotoxic effects on AD, accelerating 
its neurodegenerative progression (Tian et al., 
2021; Eun et al., 2022); however, other studies 
indicate that GABAAR agonist sedatives do not 
cause neurological damage in AD and may even 
exhibit neuroprotective effects (Shao et al., 2014; 
Borgstedt et al., 2022).

A study investigating the effects of isoflurane 
found that exposure to 1.6% isoflurane for 2 hours 
did not affect amyloid biomarkers or cognitive 
behavior in mice (Borgstedt et al., 2022). In 
contrast, another study demonstrated that 1.7% 
isoflurane improved cognitive ability and learning 
and reduced anxiety (Eckel et al., 2013). Among 
studies investigating the influence of exposure 
duration, one study exposed 5xFAD mice to 8% 
desflurane, 2.8% sevoflurane, or 1.4% isoflurane 
for either 30 minutes or 6 hours. The findings 
indicated that short-term exposure to inhaled 
anesthetics did not affect hippocampal-dependent 
memory or amyloid-β (Aβ) deposition in the 
brain. However, long-term exposure resulted 
in a significant increase in Aβ deposition in the 
hippocampus and activation of glial cells in the 
amygdala (Han et al., 2021). Thus, while short-
term exposure to anesthetics has no effect on 
AD, long-term exposure may have neurotoxic 
effects. Additionally, in vitro treatment with 
0.5% isoflurane reduced Aβ-induced caspase-3 
activation, whereas 2% isoflurane had the opposite 
effect. In vivo, exposure to 0.7% isoflurane for 30 
minutes was protective, while exposure to 1.4% 
isoflurane for 6 hours was damaging, indicating a 
dose-dependent dual effect (Xu et al., 2011).

Similar effects have been observed with propofol. 
Administration of 250 mg/kg propofol showed 
no effects on MWM testing, plaque formation, 
tau aggregation, or neuroinflammation in AD 
mice (Mardini et al., 2017). Additionally, another 
study found that repeated exposure to 200 mg/
kg propofol did not alter plaque deposition or 
synaptic degeneration in amyloid precursor 
protein (APP)/presenilin 1 (PS1) mice (Woodhouse 
et al., 2018). Furthermore, in a toxicity model 
using pheochromocytoma (PC12) cells induced 
by Aβ25–35 for 6 hours, treatment with 20 µmol/L  
propofol protected PC12 cells from Aβ25–35-
induced apoptosis and inhibited tau protein 
hyperphosphorylation via the glycogen synthase 
kinase-3 beta (GSK-3β) pathway. Thus, propofol 
may have a neuroprotective effect that could 
slow disease progression in AD (Zhang et al., 
2013b). Moreover, intraperitoneal injection of 
50 mg/kg propofol once a week for 12 weeks in 
19-month-old AD transgenic mice reduced Aβ-
induced mitochondrial permeability transition 
pore (mPTP) opening, decreased caspase-3 
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activation, and improved cognitive function (Shao 
et al., 2014). Overall, these studies indicate that 
short-term, low-dose exposure to GABAAR agonist 
sedatives such as isoflurane and propofol has 
neuroprotective effects in AD; however, due to 
limited research in this area, the specific optimal 
exposure threshold cannot be determined at 
present.

Parkinson’s disease 
Park inson’s  d isease (PD)  i s  a  progress ive 
neurodegenerative movement disorder (Bloem 
et al., 2021). A previous study has suggested 
that exposure to GABAAR agonist sedatives could 
either induce or accelerate the progression of 
PD (Mastrangelo et al., 2013). However, research 
involving pre-symptomatic Parkinsonian rat models 
(DJ-1 rats) aged 6–7 months showed that exposure 
to 1.2% isoflurane anesthesia for 2 hours on three 
separate occasions did not result in any differences 
in motor or cognitive function in comparison with 
the control group (Xu et al., 2021). Additionally, no 
long-term changes were observed in the density 
of dopamine neurons or glial cells, indicating that 
the use of isoflurane does not accelerate the onset 
of PD. Furthermore, another study demonstrated 
that 20 minutes of anesthesia with 2% isoflurane 
in an animal model resembling early-stage PD 
could regulate the striatal AKT-GSK3β pathway and 
improve motor deficits (Leikas et al., 2017).

In summary, contrary to previous views, our 
findings indicate that the effects of GABAAR 
agonist sedatives on neurodegenerative diseases 
vary depending on the dosage and duration of 
exposure. Low-dose, short-term exposure to these 
sedatives exhibits neuroprotective effects, thereby 
indirectly supporting our proposed “threshold 
effect” of “protection—neutral—toxicity,” which 
also applies to neurodegenerative diseases.

Aging
Aging is characterized by functional decline and 
reduced multisystem reserve (Guo et al., 2022). 
Older adult surgical patients were previously 
believed to be more susceptible to cognitive 
dysfunction and increased mortality rates (Chen et 
al., 2020; Lim and Lee, 2020). However, a previous 
study suggested that GABAAR agonist sedatives 
have no detrimental effects on aging and may even 
contribute to delaying the aging process (Culley et 
al., 2006).

Research indicates that administering 1.5% 
i s o f l u ra n e  to  1 6 - m o nt h - o l d  e l d e r l y  rat s 
does not lead to differences in hippocampal 
neural progenitor cell proliferation, neuronal 
differentiation, new neuron survival, or any 
long-term outcomes in hippocampal functional 
tests (Stratmann et al., 2010). In contrast, in 
16–18-month-old elderly rats, single (4 hours) or 
repeated (2 hours daily for 5 days) exposure to 
1.5% or 2.5% sevoflurane resulted in extended 
escape latency and impaired spatial memory, 
with more significant effects observed following 
repeated exposure (Guo et al., 2018). Thus, 
sevoflurane exposure can negatively impact 
learning and memory abilities in elderly rats, 
with the effects correlated to the exposure dose. 
Additionally, research has shown that exposure 
to 1.5 MAC desflurane significantly impaired task 
acquisition in 16–18-month-old elderly rats, while 

exposure to 1 MAC desflurane did not result in 
this impairment. Thus, the effects of desflurane on 
learning and memory in rats are dose-dependent 
and related to age (Callaway et al., 2015).

In another study, treatment with intraperitoneal 
propofol (50 mg/kg, once a week for 8 weeks) in 
18-month-old mice improved cognitive function 
and attenuated aging-related caspase-3 activation. 
The treatment also reduced brain tissue levels 
of beta-site APP-cleaving enzyme and increased 
neprilysin levels, leading to lower Aβ levels 
(Zhang et al., 2014). Furthermore, intraperitoneal 
injection of propofol (50 mg/kg, once a week for 8 
weeks) in 18-month-old wild-type mice enhanced 
spatial learning function and attenuated caspase-3 
activation via the mitochondrial pathway (Shao 
et al., 2014). On the basis of these findings, we 
can similarly conclude that exposure to GABAAR 
agonist sedatives exhibits a “protection—neutral—
toxicity” threshold effect in the context of aging.

After summarizing and compiling comprehensive 
data on neurological disorders from our screening 
of the mathematically dose-dependent dual 
effects of anesthetics on the developing brain, we 
can preliminarily conclude that GABAAR agonist 
sedatives exhibit a dual effect on different states 
of the CNS. However, different thresholds exist for 
various diseases and medications, necessitating 
separate studies to explore these thresholds and 
compile the relevant data. The consistency of 
results in clinical and basic research (animal and 
cellular studies) is an important consideration in 
this regard. Although exploration of the “threshold” 
in clinical settings presents significant challenges, 
addressing this “mathematical problem” represents 
both a crucial opportunity and challenge for the 
field of anesthesia.

Limitations
One of the limitations of this discussion is that we 
have not covered sedative anesthetics beyond 
GABAAR agonists, such as NMDAR antagonists 
(e.g., ketamine) or alpha-2 adrenergic agonists 
(e.g., dexmedetomidine), which also play crucial 
roles in anesthesia and sedation. Additionally, the 
mechanisms of action for these drugs, including 
GABAAR agonists, remain complex and not fully 
understood, as various studies report different 
pathways and interactions at the molecular 
level. This lack of consensus on the precise 
mechanisms has led to gaps in our understanding 
of how these drugs exert their effects on the 
brain. Furthermore, large-scale clinical studies 
exploring the comparative efficacy and safety of 
these agents across diverse patient populations 
are lacking, limiting the generalizability of these 
findings and our ability to make evidence-based 
recommendations for optimal sedation and 
anesthesia practices. More research is needed 
to address these gaps and provide a clearer 
understanding of the full spectrum of sedative 
anesthetics.

Conclusions 
The significance of GABAAR agonist sedatives in 
current clinical anesthesia, particularly in pediatric 
anesthesia, is undeniable. Over more than 30 years 
of exploration, the dose-dependent dual effects 
of these drugs on the developing brain have 

become increasingly clear. Contrary to previous 
notions of “neurotoxicity in the developing brain,” 
“neuroprotection in brain injury diseases,” and 
the “varied protective/toxic effects of different 
drugs,” our extensive research in this area has 
led us to propose an innovative conclusion in 
this review. We assert that all GABAAR agonist 
sedatives exhibit specific threshold effects ranging 
from neuroprotection to neurotoxicity that are 
unique to each drug and depend on different brain 
functional states. In the vulnerable developing 
brain, anesthesia, particularly at high doses, may 
be detrimental, while in cases of CNS injury or 
neurological diseases, it may provide protective 
benefits. Additionally, we believe that anesthesia 
has associated thresholds in neurodegenerative 
diseases and developmental disorders currently 
lacking effective treatment options. By expanding 
the existing understanding of GABAAR agonist 
sedatives and leveraging this understanding, 
clinicians can achieve remarkable neuroprotective 
effects that may alleviate and even partially treat 
such diseases.

The term “vulnerable brain” refers to a specific 
stage in which the brain is particularly susceptible 
to anesthet ic- induced neurotoxic i ty.  This 
vulnerability encompasses a wide range of 
conditions. From an age-related perspective, it 
includes the immature brain and aging brain. 
In terms of pathological states, it encompasses 
the injured brain, neurological disorders, and 
abnormally developed brains. In vulnerable 
brains, by identifying the mathematical threshold 
of anesthetic effects, the optimal dose and 
administration method to achieve the best 
protective outcomes can be determined. By fine-
tuning anesthetic dosage and timing, anesthetics 
may not only offer neuroprotection but also 
potentially promote recovery and function in 
various vulnerable states. This approach could 
lead to personalized anesthetic strategies that 
maximize protective or therapeutic benefits while 
minimizing the risks of neurotoxicity, opening 
new therapeutic avenues for conditions such as 
developmental disorders, neurodegenerative 
diseases, and brain injuries. 

Studies of the target sites of general anesthesia 
sedatives remain a fascinating area of research. 
A review of the currently published literature 
on the molecular mechanisms of sedative drugs 
revealed the involvement of various cell surface 
receptors (e.g., GABAAR, dopamine receptors) 
and associated downstream intracellular signaling 
pathways (e.g., Akt, ERK, JNK, Wnt), along with 
changes at the level of nuclear transcription 
factors. The sedatives discussed in this review are 
small-molecule compounds, similar to metformin, 
and are highly lipophilic, which conferred a wide 
range of potential action sites and targets based 
on their chemical properties. While additional 
exploration of these mechanisms is warranted, 
further investigation into the specific molecular 
mechanisms that lead to the final effects is 
required. This includes starting with the relevant 
compounds, designing probes for intracellular 
distribution, targeting associated proteins, and 
examining different modes of action at varying 
concentrations. Such efforts could significantly 
enhance our understanding of the action patterns 
of anesthetic drugs.



92  ｜NEURAL REGENERATION RESEARCH｜Vol 21｜No. 1｜January 2026

NEURAL REGENERATION RESEARCH
www.nrronline.org Review

In summary, addressing this “mathematical 
problem” from various angles may present a 
historic opportunity for the field of anesthesia 
to gain prominence, enabling anesthesiologists 
to demonstrate their unique value in anesthesia 
treatment.
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