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Background: Natural products have shown neuroprotective effects in neurodegenerative 
conditions. Naringenin is a natural flavonoid with various pharmacological activities espe-
cially antioxidant, anti-inflammatory and neuroprotective properties. We investigated the 
effects of naringenin on anesthetic propofol-induced impacts on neonatal mouse brain 
development and consequent long-term neurocognitive impacts during adulthood.
Materials and Methods: Female C57Bl/6 and male CD-1 mice and postnatal day 7 (P7) 
pups were exposed to propofol (2.5 mg/kg) and propofol with naringenin (50 mg/kg). Mice 
pups were allowed to grow until week 10 (adulthood), and memory and learning were 
assessed.
Results: Propofol caused neurodegeneration by inducing apoptosis in the neonatal mouse 
brains while naringenin administration prevented neuronal cell loss by preventing neuronal 
apoptosis in neonatal mouse brains. Propofol caused degenerative alterations in metabolic 
factors pH, PO2, glucose and lactate, which were subsequently restored by naringenin 
treatment. Propofol-exposed mice, when developed into adults, showed long-term neuronal 
deficits, impaired neurocognitive functions, and memory and learning restrictions.
Conclusion: Administration of naringenin to propofol-exposed mice resulted in significant 
neuroprotective effects by restoring long-term neurocognitive functions. The molecular 
mechanism behind the effects of naringenin was mediated by suppressing apoptosis and 
preventing cellular inflammation. These findings suggest that propofol administration 
requires careful consideration and that naringenin may prevent neurodegeneration and 
neurocognitive functions.
Keywords: naringenin, propofol, neonatal, neurodegeneration, apoptosis, cognitive 
functions

Background
Neonatal surgical procedures have evolved into advantageous pediatric surgeries 
that require increased use of anesthetics. Anesthetic agents have long been used in 
clinical and preclinical experimental studies.1,2 Early exposure of anesthetics prior 
to the completion of synaptogenesis in neonates has resulted in extensive neurode-
gradation characterized by neuronal apoptosis and late learning disability. 
Synaptogenesis is an early developmental stage in the nervous system and a rapid 
brain growth stage characterized by the formation of synapses between neurons. 
Anesthetics and sedative agents have shown contradictory responses in neuronal 
systems.3 However, anesthetics have shown neurodegenerative responses in 
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neonates and impaired neurocognitive functions upon 
entering adulthood, especially when administered during 
synaptogenesis. Studies conducted on animal models of 
neuronal disease have demonstrated that administration of 
anesthetics and sedative agents at synaptogenesis may 
induce severe neurodegenerative responses, including neu-
ronal apoptosis and morphological degenerations in neu-
rons. These detrimental changes could further lead to 
learning and behavioral abnormalities during 
adulthood.3,4 Notably, the commonly used anesthetics 
and sedative agents in clinical practices act by enhancing 
GABAA receptors and by blocking N-methyl-d-aspartate 
(NMDA) receptors, or both. However, contrary to the 
mature brain, the neonatal brain exhibits neurodegenera-
tive responses when exposed to the transient pharmacolo-
gical blockage of NMDA receptors, as characterized by 
intense apoptotic cell death in neurons.4 However, another 
volatile anesthetic agent, sevoflurane, is particularly useful 
in infants and children, with rapid induction and recovery.5 

Sevoflurane acts by enhancing GABAA receptors and by 
blocking NMDA receptors. In vivo and in vitro experi-
mental studies have reported that sevoflurane may affect 
cell survival by inducing neuronal apoptosis in the hippo-
campus of the brain.6

Propofol (Pentothal), sodium thiopental in chemical 
nature, is a commonly used anesthetic agent for the induc-
tion of anesthesia, because recovery from propofol is more 
rapid than other anesthetics.7 Propofol induces neuronal 
apoptosis by modulating the activities of NMDA and 
GABAA receptors, as well as by blocking Na+ channels. 
Isoflurane causes prevalent neurodegeneration and neuro-
nal death when administered during the rapid brain growth 
period (synaptogenesis) in monkey neonates. It further 
causes long-term behavioral abnormalities and deficiencies 
in learning and memory during adulthood in animals.8 

Nonetheless, preventive stimulations attenuate the propo-
fol-induced apoptosis of neurons and protect brain devel-
opment in neonatal rodents.9 Propofol was shown to 
causes neuronal degeneration in neonatal mice and subse-
quent long-term neurocognitive impairments in mice at 
adulthood.10 Propofol administration was also associated 
with a rare but serious side effect due to prolonged infu-
sion of propofol (usually more than 4mg/kg per h for more 
than 24 hours). This is denoted as the propofol infusion 
syndrome which presents physiological characteristics of 
metabolic acidosis, hyperkalemia, hyperlipidemia, and 
rhabdomyolysis, renal dysfunction and even cardiac 
failure.11 The pharmacokinetic studies of propofol 

administration in the range of 3–8 mg/kg showed 
a significant impact on preterm infants.12 Thus, it is 
a prerequisite to evaluate the effects of anesthetics on 
neuronal growth, especially the impact on neuronal apop-
tosis and associated histopathological changes. Thus, the 
demand for clinically safe anesthetics continues to 
increase as well as other protective measures to reduce 
the neurodegenerative burden.

Several natural products have shown neuroprotective 
properties in mature as well as neonatal models. 
Flavonoids are natural dietary polyphenols associated 
with the prevention of several diseases especially oxida-
tive stress induced pathophysiological conditions.13 

Naringenin (4ʹ,5,7-trihydroxyflavanone) is a flavonoid 
that is colorless and bitter in taste and is predominantly 
found in a variety of grapes, berries and citrus fruits.14 

Naringenin exerts a plethora of pharmacological activities 
in various test systems, such as antioxidant,15 anti- 
inflammatory,16 immunomodulatory,17 anticancer and 
neuroprotective properties.13,18 Naringenin has been 
reported to have a number of biological effects, such as 
neuroprotective and memory enhancing activity19 and as 
monoamine oxidase (MOX) inhibitor20 and anti- 
inflammatory as well as antioxidant.21 Naringenin med-
iates its effects mainly by modulating nuclear factor- 
kappa B (NF-κB) and peroxisome proliferator-activated 
receptor (PPAR).18 The free radical scavenging activities 
of naringenin may prevent neurodegenerative responses 
by modulating cell growth and other cellular 
signals.13,15,18 Naringenin exerts its neuroprotective 
effects by inhibiting monoamine oxidase and anti- 
inflammatory, as well as antioxidant and memory enhan-
cing, activities.20 The neuroprotective effects of narin-
genin in experimental systems are mediated mainly 
through NF-κB-mediated neuroinflammation and the pre-
vention of neurodegeneration by preventing apoptosis.18 

Neuroprotective effects of naringenin were shown in 
experimental model of stroke through suppression of 
NF-κB-mediated neuroinflammation.18 Naringenin was 
also reported as a neuroprotective agent in neurodegen-
erative diseases like Parkinson’s disease, amnesia, 
Alzheimer’s disease, as well as it prevented oxidative 
injury in several pathophysiological disorders affecting 
the brain.22–24

Despite of a number of beneficial effects of naringenin 
reported by several studies still the neuroprotective effects 
in the brain were needed to elaborate. Also to assess the 
contradictory neurotoxic and cytotoxic effects of 
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anesthetics were necessitated. Thus, this study aimed to 
assess the effects of propofol on the neonatal mouse brain 
followed by preventive management using naringenin. 
Neuronal apoptosis was assessed in the neonatal brain 
and long-term neurocognitive impacts on adult mice 
were evaluated. The current study emphasizes that narin-
genin protects against the neurodegenerative impacts of 
propofol on mouse brains, followed by recovery of 
impairments in learning and memory behavior during 
adulthood. The novelty of this study relies towards the 
exploration of the deleterious effects of propofol in neo-
nates and long-term behavioral effects, as well as the 
neuroprotective effects of naringenin on the neonatal 
mouse brain during the developmental stage 
(synaptogenesis).

Materials and Methods
Experimental Animals and Drug 
Treatment
All the animal experimental procedures were performed in 
accordance with approval from the Institutional Animal 
Ethical Committee of Huazhong University of Science 
and Technology (Ref#2018/01/AEC19) following the 
Ministry of Science and Technology (MOST), Govt. of 
China, issued Regulations for the Administration of 
Affairs Concerning Experimental Animals. The study 
required female C57Bl/6 and male CD-1 mice. Animals 
were housed in a climate-controlled room at a temperature 
of 25±2°C. Animals were given standard chow and water 
ad libitum. The lighting conditions were regulated for 
a 12-h cycle (dark and light). Animals were allowed to 
mate to produce offspring. The offspring were randomly 
inducted in the study at P7 (postnatal day 7). P7 offspring 
mice were further randomly divided into three different 
treatment groups (n=15 per group): Group-I: control trea-
ted with normal saline (NS) as a vehicle control; Group-II: 
propofol treatment at 2.5 mg/kg; and Group-III: propofol 
(2.5 mg/kg) followed by naringenin (50 mg/kg). Drug 
agents and vehicle were administered intraperitoneally. 
Earlier studies have suggested that use of propofol in the 
range of 2 to 5 mg/kg body weight of neonatal mouse 
could cause neuronal degeneration.10–12

Respiratory and Metabolic Factors 
Analysis
Five mouse pups in each treatment group were subjected 
to respiratory and metabolic factors analysis at 6 and 

12 h following NS or drug exposure. The temporal profile 
of physiological variables was established by collecting 
arterial blood from mouse pups at different time intervals. 
Blood was collected from the right carotid artery by 
aspiration. Physiological parameters, such as pH, O2, 
CO2, and glucose and lactate concentrations, were mea-
sured using the SMART analyzer system (i-Stat Corp., 
East Windsor, NJ, USA).

Histological Examination of the Mouse 
Brain
At 12 h after drug or vehicle administration, five mice 
from each treatment group were sacrificed and brains were 
collected. The brains were processed for hematoxylin and 
eosin (H&E) staining according to a standard method. 
Briefly, mouse brain hippocampal sections were dissected 
and fixed in 0.1% methanol. Dissected tissue sections were 
dehydrated and embedded in paraffin wax. Paraffin wax- 
embedded mouse brains were sectioned to 5-μm thickness 
using an automated microtome (Leica Biosystems 
Nussloch GmbH, Germany) and stained with H&E. 
Stained slides were visualized under a light microscope 
(Olympus Magnus, PA, USA) at 40x magnification. 
Morphological changes in the CA1 and CA3 regions of 
the hippocampus were examined and evaluated.

Immunohistochemistry (IHC) for Apoptosis
At 12 h after drug or vehicle administration, five mice 
from each treatment group were sacrificed and brains were 
collected. Brains were processed for the apoptosis assay 
by using the caspase-3 active (C-3A) antiserum assay kit 
(Cell Signaling Technology, Danvers, MA, USA) accord-
ing to the manufacturer’s instructions. Briefly, dissected 
mouse brain tissues were fixed in 4% paraformaldehyde 
through a left ventricular cardiotomy. Brain sections were 
then cut using an automated microtone at 40-µm thickness. 
The sections were blocked on glass slides using 3% H2O2. 
Glass slide-blocked sections were then incubated with 
C-3A at a 1:500 dilution overnight at 4°C. Antibody- 
treated sections were subjected to treatment with 
a horseradish peroxidase-labeled anti-rabbit secondary 
antibody for 4 h at room temperature. Sections were 
visualized using the DAB chromogen system (Sigma- 
Aldrich, MO, USA) followed by counterstaining with 
H&E. Sections were then visualized under a light micro-
scope (Olympus Magnus, PA, USA) at 40x magnification. 
The documentation of caspase-3-positive regions in 
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different tissue sections was performed, and the scoring of 
C-3A-positive cells is presented per mm2 brain section. 
Counting and scoring were performed by blinded investi-
gators. The total count of C-3A-positive cells is presented 
in the form of apoptotic cell percentage relative to the 
vehicle control.

TUNEL Assay for Apoptosis
At 12 h after drug or vehicle administration, five mice 
from each treatment group were sacrificed and brains were 
collected. The TUNEL (Terminal deoxynucleotidyl trans-
ferase dUTP Nick End Labeling) assay was performed to 
estimate indications of cellular apoptosis using the In Situ 
Cell Death Detection Kit, Fluorescein (Roche Diagnostics, 
Risch-Rotkreuz, Switzerland). Briefly, mouse brain sec-
tions were fixed and permeated according to a standard 
procedure. Sections were then end-labeled with digoxi-
genin-11-deoxyuridine triphosphate by terminal deoxynu-
cleotidyl transferase enzyme. Sections were incubated and 
treated with stop-washing buffer. Nuclei were stained with 
DAPI (4ʹ-6-diamidino-2-phenylindole) and TUNEL- 
positive regions were observed under a light microscope 
at 40x magnification. The visualized sections were scored 
for TUNEL-positive cells per mm2 brain section by 
blinded investigators. The total count of TUNEL-positive 
cells is presented in the form of stained cell percentage 
relative to the vehicle control.

RNA Isolation and Quantitative 
Real-Time PCR (qPCR)
Mouse brains collected at 12 h after drug or vehicle 
administration were sectioned for hippocampal slices. 
Three hippocampal slices (n=3 per group) were used for 
RNA isolation using Trizol reagent (Invitrogen, Carlsbad, 
CA, USA) according to the manufacturer’s instructions. 
Isolated RNA was quantified and reverse transcription was 
performed for cDNA synthesis using the Reverse 
Transcriptase SuperScript III Kit (Invitrogen, USA). An 
equivalent amount of RNA (1 μg per sample group) was 
reverse-transcribed into cDNA. An equivalent amount of 
cDNA (2 µL per sample group) was used for qPCR on an 
ABI 7500 Real Time PCR System (Applied Biosystems, 
Foster City, CA, USA). The specific primer sets for cas-
pase-3, PARP, Bcl-xL, NF-κB, iNOS and Cox-2 genes 
were used for qPCR. Relative quantification of mRNAs 
was performed by normalizing their levels to that of 18s 
RNA. Changes in gene expression are presented as fold 

change in the treatment groups relative to the control (one- 
fold).

Analysis of Long-Term Cellular and 
Neurocognitive Impacts
The long-term cellular and neurocognitive impacts of pro-
pofol and naringenin-treated P7 mouse pups were ana-
lyzed when mice were grown to adulthood at P28. For 
this purpose, five mice from each treatment group were 
placed in separate chambers and grown until P28. At this 
stage of growth, mice were separated by gender and then 
placed into different chambers to grow until week 10 
(adulthood). Neurocognitive tests were performed in 
male and female mouse pairs. After completion of neuro-
cognitive tests, mice were euthanized, and brains were 
excised and processed for neuronal nuclei (NeuN) staining 
and other assays.

NeuN Immunohistochemistry
NeuN protein is specific to neurons, where it localizes in 
the nuclei of postmitotic neurons and perikarya. NeuN 
IHC staining was performed in adult mouse brains 
(n=3 per group) after perfusion with chilled 0.9% NS 
and 4% paraformaldehyde. Briefly, brains were embedded 
in paraffin sections of 40-µm thickness and rehydrated for 
antigen retrieval with 100 mM citrate-phosphate buffer 
(pH 6.30). Sections were then washed with Tris-buffered 
saline containingTween-20 (TBST) and submerged in pri-
mary NeuN antibody (Chemicon International Inc., 
Temecula, CA, USA) at 1:100 dilution overnight. Slides 
were rinsed in TBST and incubated with donkey anti- 
mouse IgG secondary antibody (Cell Signaling 
Technology) for 3 h. Slides were rinsed again in TBST, 
coverslipped, and mounted. The density of NeuN-stained 
neurons was determined using laser scanning confocal 
microscopy (Nikon, Tokyo, Japan) as described 
previously.25–27 Brain sections containing NeuN-stained 
neurons were examined in two regions: the CA3 pyramidal 
cell layer of the hippocampus and retrosplenial cortical 
regions adjacent to the brain midline. Data are quantita-
tively expressed as raw neuronal density counts relative to 
the control.

Behavioral Observations and 
Neurocognitive Testing
The Morris water maze (MWM) test is performed to 
analyze spatial learning and memory in behavioral 
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neurosciences, as described previously.28 The offspring 
were grouped and housed with a corresponding dam up 
to P28. Male and female offspring pairs of each dam 
were used for the MWM test between the hours of 10 
a.m. and 5 p.m. in a homogenously illuminated room. 
A pool (100 cm diameter x 50 cm latitude) with black 
internal coating was filled with water (27°C) and 
a camera was placed 2.5 m above the pool. The pool 
containing spatial cues was divided into four quadrants: 
NW, northwest; NE, northeast; SW southwest; and SE, 
southeast. Spatial learning was examined on a 10 cm 
(diameter) escape platform placed in the second quad-
rant (2 cm submerged; 25 cm from the edge). Mice 
could find the location of the platform by training four 
times per day during four successive days. Starting 
positions for each trial were set to be SE, SW, NW, 
and NE. The latency time represents spatial learning 
ability, which was scored for finding the hidden plat-
form from the start position (SE). A probe trial was 
performed for the spatial memory test beginning from 
the start position (SE) on day 5 in a platform-less pool. 
The time of first platform crossing and the frequency of 
platform crossing were recorded.

Statistical Analysis
Data are presented as the mean ± standard deviation from 
at least three experimental repeats. Data were compared by 
one-way analysis of variance (ANOVA) with Tukey’s 
post-hoc tests for multiple comparisons. The MWM test 
data were analyzed by two-way ANOVA. The relative 
expression of genes by qPCR was compared by Student’s 
t-test. P values <0.05 were considered statistically 
significant.

Results
Effect of Naringenin on Propofol-Induced 
Morphological Changes
Brain sections of P7 neonatal mice were stained with 
H&E and evaluated for changes following exposure to 
propofol (2.5 mg/kg, body weight [b.w.]) and subse-
quent treatment with naringenin (50 mg/kg, b.w.). The 
histological staining images of neonatal mouse brain 
slices are presented in Figure 1. First, the effects of 
propofol were analyzed and compared with vehicle- 
treated control mice. Propofol exposure in neonates 
caused swelling of pyramidal neurons in the CA1 
region of the hippocampus. Other prominent structural 
changes included cellular clumping and degenerative 
patches in brain sections treated with propofol. These 
patches were prominent, with darker and shrunken 
nuclei in propofol-treated brain sections compared to 
the control. These observations indicate that propofol 
treatment to neonatal mice causes cellular damage and 
degenerative structural changes in the brain. Anesthetic 
and sedative agents, such as lidocaine and propofol, 
show similar degenerative changes in neonatal mice 
as well as apoptotic neurodegeneration in the develop-
ing mouse brain.29 The effect of propofol on brain 
morphology was analyzed and compared to treatment 
with naringenin in the developmental stage of the 
mouse brain. Treatment of propofol-exposed mice 
with naringenin repaired the morphological changes in 
mouse brains compared to propofol treatment alone and 
in reference to the control (Figure 1A and B). These 
observations suggest that naringenin exerts 
a preventive impact on the mouse brain undergoing 
degenerative structural changes.

Figure 1 Histological assessment of neonatal mice brain cortical sections. (A) control group; (B) propofol treatment group; (C) propofol+naringenin. Magnification 40x, 
Scale bar 100 μM.
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Naringenin Prevents Propofol-Induced 
Alterations in Respiratory and Metabolic 
Factors
Respiratory and metabolic activities regulate the physiolo-
gical acid-base balance. Acidosis is a primary increase in 
the partial pressure of carbon dioxide (PCO2) with or 
without a compensatory bicarbonate (HCO3

−) level. 
Thus, pH usually maintains at a low but near to normal 
level. The reduction in respiratory rate and/or volume 
(hypoventilation) is typically caused by alterations in the 
central nervous system or pulmonary or iatrogenic 
conditions.30 Respiratory acidosis can be acute or chronic, 
and the chronic form is asymptomatic and may character-
ize some pathophysiological conditions. Thus, alterations 
in respiratory and metabolic factors suggest that the patho-
physiological conditions arise from morphological 
changes in neonatal mouse brains. The measurement of 
serum electrolytes and other metabolites, as well as phy-
siological parameters, may aid in clinical diagnosis. We 
analyzed the effect of propofol treatment on neonatal mice 
by measuring respiratory and metabolic functions. Arterial 
blood was collected from the right carotid artery by aspira-
tion from experimental mice in different treatment groups 
(n=5 per group). The values for pH, PCO2 (mm Hg), PO2 

(mm Hg), glucose (mg/dL), and lactate (mg/L) are pre-
sented in Table 1. Exposing mouse neonates to propofol 
(2.5 mg/kg) caused respiratory and metabolic imbalances, 
showing critical effects on brain development. Exposure to 
propofol reduced the pH in a time-dependent manner. 
After 12 h of propofol exposure, the pH was reduced to 
7.02±0.4 (P<0.05 vs control). Treatment of propofol- 
exposed neonatal mice with naringenin (50 mg/kg) 
restored the pH value (7.32±0.3) to that of the control 
group; however, the pH value was significantly lower 
than that of the propofol group (P<0.05). Upon analyzing 
the ratio and level of gaseous exchange, it was observed 

that PCO2 was slightly reduced by exposure to propofol 
and was restored by treatment with naringenin; however, 
these changes were not statistically significant. However, 
the PO2 level was reduced in propofol-treated mice in 
a time-dependent manner. The PO2 level was significantly 
reduced to 126 and 122 mm Hg compared to the control 
(average 143 mm Hg) (P<0.05). Treatment of propofol- 
exposed neonatal mice with naringenin (at 12 h) restored 
the PO2 level to 136 mmHg, which was significantly 
reduced compared to the propofol group (P<0.05). 
Glucose and lactate levels are indicators of biochemical 
metabolic activities that may be affected by chronic con-
ditions. The glucose level was reduced in propofol-treated 
mice in a time-dependent manner. The glucose level was 
significantly reduced to 98 and 92 mg/dL compared to the 
control (P<0.05). Treatment of propofol-exposed neonatal 
mice with naringenin caused an increase in glucose levels 
to 105 and 119 mg/dL at 6 and 12 h, respectively, which 
was significantly higher than the propofol group (P<0.05). 
Likewise, the lactate level was significantly elevated to 4.8 
and 6.5 mM compared to the control (P<0.05). Treatment 
of propofol-exposed neonatal mice with naringenin caused 
a reduction in the level of lactate to 5.1 and 4.2 mM at 6 
and 12 h, respectively, which was significantly lower than 
the propofol group at 12 h (P<0.05). These observations 
indicate that exposure of neonatal mice to propofol causes 
metabolic acidosis, as demonstrated by the lower pH and 
alterations in blood glucose and lactate, and that these 
changes are subsequently restored by naringenin 
administration.

Naringenin Prevents Propofol-Induced 
Apoptotic Neurodegeneration
Neurodegenerative changes at the cellular level were mea-
sured by assaying apoptosis in the brains of mouse neo-
nates exposed to propofol followed by naringenin 
administration. Apoptosis was evaluated by C-3A IHC 

Table 1 Physiological Factors Assessment in Neonatal P7 Mice Exposed to Different Treatment Conditions

Physiological Parameter Control Propofol (2.5 mg/kg) Propofol+NAR

0 h 12 h 6 h 12 h 6 h 12 h

pH 7.38±0.4 7.41±0.3 7.22±0.5 7.02±0.4* 7.15±0.4 7.32±0.3#

PCO2 (mm Hg) 56±5 54±4 56±6 57±5 52±4 54±5

PO2 (mm Hg) 142±7 144±6 126±4* 122±5* 128±5 136±6#

Glucose (mg/dL) 128±6 133±7 98±6* 92±5* 105±7*# 119±6#

Lactate (mM) 3.1±0.3 3.6±0.4 4.8±0.5* 6.5±0.4* 5.1±0.4* 4.2±0.3#

Notes: Values presented are mean±SD; *P<0.05 vs control at 12 h; #P<0.05 vs propofol at 6 and 12 h respectively. NAR, naringenin at 50 mg/kg b.w.
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and the TUNEL assay. Exposure of neonatal mice to 
propofol induced cellular degeneration in the neonatal 
mouse brain, as assessed by IHC staining of activated 
caspase-3 in cortical sections (Figure 2). IHC staining 
also revealed that the hippocampal sections of control 
mouse brains showed negligible C-3A. Neonatal mouse 
brain sections exposed to propofol showed drastically 
increased staining for C-3A. Furthermore, treatment of 
propofol-exposed mice with naringenin showed reduced 
expression of C-3A compared to propofol-treated mice. 
Caspase-3 staining revealed that propofol treatment 
induced neuronal apoptosis by 47±6% compared to the 
control (1%). Subsequent treatment of propofol-exposed 
mice with naringenin caused a reduction in C-3A IHC 
expression to the level of 14±3% (P<0.05 vs propofol). 
C-3A IHC staining results were supported by the TUNEL 
staining of cortical sections of neonatal mouse brains 
(Figure 3). TUNEL staining revealed that propofol treat-
ment in mouse neonates caused an increase in apoptotic 
staining in the hippocampal (CA1 and CA3) regions in 
propofol-treated mice compared to control mice. 
Furthermore, treatment of propofol-exposed mice with 
naringenin caused a dramatic reduction in TUNEL- 
positive staining of the hippocampal (CA1 and CA3) 

regions. The quantification of TUNEL-positive staining 
showed that propofol induced neuronal apoptosis by 48 
±7% compared to the control (6%). The percentage of 
TUNEL-positive cells was 23±5% following naringenin 
treatment in propofol-exposed mice, which was signifi-
cantly lower than the propofol treatment group (P<0.05). 
These results indicate that propofol induces neuronal cell 
death in neonatal mouse brains, which can be prevented by 
naringenin administration.

Naringenin Prevents Propofol-Induced 
Apoptosis and Inflammation
Propofol-induced apoptosis in neonatal mouse brains was 
confirmed by C-3A staining and the TUNEL assay. 
Molecular signatures for apoptosis induction were con-
firmed by analyzing the expression of genes involved in 
the apoptotic pathway. Total cellular RNA was isolated 
from hippocampal tissues, and cDNA was synthesized 
and further used for qPCR analysis of caspase-3, PARP 
and Bcl-xL (Figure 4A). Gene expression was normalized 
to the control gene and is presented as the fold change 
relative to the control. Propofol exposure caused 
a significant increase in the expression of caspase-3, 
PARP and Bcl-xL by 2.8-, 1.8- and 2.2-fold, respectively, 

Figure 2 Activated caspase-3 (C-3A) IHC staining in brain cortex slices from neonatal mice. (A) control group; (B) propofol treatment group; (C) propofol+naringenin. (D) 
Quantitative expression of C-3A positive staining. *P<0.05 values versus control group; #P<0.05 values versus propofol group.
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compared to the control (onefold) (P<0.05). Subsequent 
naringenin treatment significantly reduced gene expression 
by 1.6-, 1.4- and 1.5-fold, respectively, compared to the 
propofol treatment group (P<0.05), which was similar to 
the control group. These results collectively indicate that 
propofol induces apoptosis in neonatal mouse brains by 
activating the apoptosis pathway, which can be prevented 
by naringenin administration.

Next, we analyzed the expression of genes in inflam-
mation-related pathways, such as iNOS, COX-2, TNF-α, 
and NF-κB (Figure 4B). Propofol exposure caused 
a drastic increase in the expression of iNOS and COX-2 
(4.1- and 3.6-fold) relative to the control (onefold). 
Subsequent naringenin treatment significantly reduced the 
expression of iNOS and COX-2 by 2.2- and 1.7-fold, 
respectively, relative to the propofol group (P<0.05). 
Propofol exposure caused overexpression of TNF-α and 
NF-κB by 2.4- and 2.8-fold, respectively, which were 
subsequently suppressed by naringenin administration to 
1.8- and 1.5-fold, respectively. Increases in the expression 
of iNOS, COX-2, TNF-α, and NF-κB are directly asso-
ciated with the inflammatory response in the brains of 
neonatal mice exposed to propofol. And suppression of 
these increments by naringenin administration may 

represent one of the molecular mechanisms of its preven-
tive effects. These results collectively indicate that propo-
fol induces apoptosis in neonatal mouse brain sections by 
activating apoptosis and pro-inflammatory signaling path-
ways, which can be prevented by naringenin 
administration.

Naringenin Improves Propofol-Induced 
Neuronal Impairments and 
Neurocognitive Functions
The long-term cellular and neurocognitive functions in 
neonatal mice exposed to propofol followed by narin-
genin treatment were evaluated by IHC staining for 
NeuN. IHC for NeuN antigen showed that propofol- 
induced degenerative changes in mouse brain sections. 
Neonatal mice exposed to propofol showed neuronal def-
icits and reduced neuronal density upon reaching 10 
weeks of age. IHC NeuN staining is intended to analyze 
the neuropathological changes, highlighting the physiolo-
gical state of neuronal cells in brain sections. NeuN anti-
gen expression is observed specifically in post-mitotic 
neurons and acts as a primary indicator of neuronal 
nucleus development and function.31 Mouse brains were 
analyzed for NeuN expression at the hippocampal CA2/3 

Figure 3 Apoptosis measurement by TUNEL staining of brain cortex slices from neonatal mice. (A) control group; (B) propofol treatment group; (C) propofol+naringenin. 
(D) Quantitative expression of TUNEL positive staining. *P<0.05 versus control group; #P<0.05 versus propofol group.
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and cortical regions (Figure 5). Control mouse brains 
showed strong NeuN expression, demonstrating healthy 
neuronal development and function. However, rigorous 

degenerative cellular loss was observed in adult mice 
exposed to propofol at the neonatal stage. Mouse brain 
sections showed labeling cell bodies, axons and dendrites 

Figure 4 Gene and protein expression analysis for apoptosis and inflammation related genes. (A) qPCR was performed for Caspase-3, PARP, Bcl-xL, iNOS, COX-2, and NF- 
κB genes. Expression of genes was presented as fold change relative to control (one-fold). *P<0.05 versus control group; #P<0.05 versus propofol group. (B) Western 
blotting was performed for Bax, Caspase-3, PARP, and β-actin. NAR, naringenin. The arrows corresponding to the molecular weight of proteins are mentioned respectively.
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in NeuN IHC staining. The analysis of NeuN positivity in 
postembryonic life propofol-exposed mice (at neonatal 
stage) showed degenerative signs of neuronal differentia-
tion. In mice, propofol-induced changes in brain tissue 
correlate with alterations in the functional and morpholo-
gical development of the brain during adulthood. 
Furthermore, when propofol-exposed mice were treated 
with naringenin, NeuN expression improved and the 
degenerative structural signs were reduced. Naringenin 
restored neuronal development in propofol-exposed 
mice. The quantification of NeuN expression was per-
formed and compared between groups with reference to 
the control group (100%). Propofol treatment caused 
a drastic reduction in NeuN expression by 47±5% 
(P<0.05 vs control). Treatment of propofol-exposed 
mice with naringenin caused a restoration of NeuN 
expression by 72±9% compared to the control. Although 
the improvement in NeuN expression was significantly 
lower than the control (P<0.03), the significance with 
respect to the propofol group was highly notable 
(P<0.001). These results demonstrate that propofol expo-
sure in neonatal mice may cause altered neuronal devel-
opment and neurodegeneration that can be visualized at 
adulthood. Subsequent treatment of propofol-exposed 
mice with naringenin was significantly preventive, as it 
enhanced NeuN expression.

The neurocognitive functions of mice after propofol 
exposure and naringenin administration were assessed at 
adulthood by assessing latency time (Figure 6). The latency 
time for the control group exhibited a decreasing trend from 
days 1 to 5 by 100.8, 96.2, 88.6, 82.8 and 76.2 s, respec-
tively. The latency time was slightly reduced in propofol- 
treated mice yet significantly higher than the control group. 
Propofol-treated mice showed a latency time of 101.2, 98.8, 
98.6, 94.6 and 88.3 s at 1 to 5 days, respectively. The 
propofol group data were significantly reduced relative to 
the control on days 3 to 5 (P<0.05). Furthermore, adminis-
tration of naringenin to propofol-exposed mice caused 
a notable improvement in latency time. The naringenin- 
treated group showed a latency time of 102.7, 96.4, 92.4, 
86.4 and 81.2 s at 1 to 5 days, respectively. The naringenin 
group latency time data were significantly reduced relative 
to the propofol-treated group on days 3 to 5 (P<0.05) and 
these values remained close to the control (P<0.05). An 
increasing trend in latency time is an indicator of impaired 
learning and behavior in mice, as caused by propofol expo-
sure. Subsequent treatment of propofol-treated mice with 
naringenin improved the latency time, indicating that narin-
genin mediates the increased learning response.

Further, the time and frequency of first platform cross-
ing in the MWM test were evaluated following exposure 
to propofol and naringenin treatment (Table 2). The 

Figure 5 Neuronal nucleus (NeuN) expression analysis in cortical brain section of adult mice. (A) control group; (B) propofol treatment group; (C) propofol+naringenin. 
(D) Quantitative expression of NeuN expression. *P<0.05 versus control group; #P<0.05 versus propofol group.
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comparative analysis revealed that control group mice 
took 48.4±6.8 s to cross the first platform, with 
a frequency of2.4±0.4. The propofol-treated group took 
longer to cross the first platform (68.7±8.5 s) and showed 
a reduced frequency of platform crossing (1.2±0.2). These 
values were significantly altered compared to the control 
group (P<0.05). Subsequent treatment of propofol-exposed 
mice with naringenin improved the time it took to cross 
the first platform (54.3±5.3 s) and the frequency of plat-
form crossing (1.9±0.3). These values were significantly 
altered compared to the propofol group (P<0.05) and simi-
lar to the control group (P>0.05). The probe trial demon-
strated that mouse in propofol group showed mean time 
19.3±1.5 s which reduced in mouse group treated with 
propofol by mean time 13.6±2.0 s and the data was statis-
tically significant (P = 0.006). While naringenin adminis-
tration to propofol-treated mice showed mean time 16.7 
±1.5 s which was statistically not significant to propofol 
group (P > 0.05) yet marginally significant as compared to 
control (P = 0.047). Thus, the data shows that time spent 

by propofol group in the quadrant with the removed plat-
form was reduced and the same was improved by narin-
genin administration yet statistically not significant 
(Supplementary Figure 1).

Discussion
This study evaluated the effects of the anesthetic agent 
propofol on neonatal mice and explored the effects on 
neuronal growth, as well as brain development and 
learning and behavioral functions at adulthood. 
Furthermore, the prevention of neurodegeneration was 
assessed by using naringenin. The observations from 
this study demonstrate that propofol induced neurode-
generation in mouse brains and neuronal cell death. It 
also caused degenerative signs in mature neurons at 
adulthood, causing learning, memory and behavioral 
impairments. Propofol-exposed mice treated with nar-
ingenin exhibited reduced neuronal apoptosis in neona-
tal mouse brains and improved neurocognitive 
functions in adult mice, indicating the preventive 
effects of naringenin. Thus, the findings from this 
study suggest that naringenin may be a potent preven-
tive natural remedy against propofol-induced 
neurodegeneration.

Anesthetic agents have shown various clinical and 
physiological indications, with contradictory signs of neu-
ronal development in neonates and neurocognitive func-
tions in adults. Anesthetic and sedative agents, when 
administered in rodents during synaptogenesis, have 
shown prevalent neuronal apoptosis and neuronal 

Figure 6 Assessment of learning behavior by measuring latency time. Latency time (s) was measured by calculating mice to find the hidden platform during day 1 to day 5 in 
the MWM test. *P<0.05 versus control group on test day; #P<0.05 versus propofol group on test day. 
Abbreviation: NS, not significant.

Table 2 Effect of Naringenin on Propofol Induced Behavioral 
Changes in Adult Mice

Group Time (s) Frequency

Control 48.4±6.8 2.4±0.4

Propofol 68.7±8.5* 1.2±0.2*

Propofol+NAR 54.3±5.3# 1.9±0.3#

Notes: Values presented are mean±SD; *P<0.05 vs control; #P<0.05 vs propofol. 
Propofol at 2.5 mg/kg b.w.; NAR, naringenin at 50 mg/kg b.w.
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degeneration, thus impairing learning and behavioral 
abnormalities at adulthood.3–5 Anesthetics agents have 
shown variable long-term effects on the developing brain 
and subsequent cognitive functions. Anesthetics agents 
like ketamine, midazolam, isoflurane and propofol have 
been reported to cause neurodegenerative changes in the 
developing brain and subsequent cognitive dysfunction in 
several animal models.9,32–35 The occurrence of such long- 
term neurocognitive impacts by anesthetic agents has 
raised concerns about their use, especially in neonates. 
Propofol is, chemically, sodium thiopental (Pentothal), an 
intravenously administered short-acting hypnotic/amnestic 
agent that has been used for the induction and maintenance 
of general anesthesia and sedation. Propofol induces neu-
ronal apoptosis by acting as NMDA and GABAA agonists 
and as a Na+ channel blocker.3,34 Additionally, propofol 
exerts protective functions in hypoxic brains by reducing 
arterial blood flow and intracranial pressure, as well as by 
maintaining metabolism.36,37 Therefore, investigating the 
role of neurotransmitter receptors such as GABAA and 
NMDA remains an important challenge when assessing 
the effects of anesthetic and sedative agents for their use 
in neonates.

This study demonstrated that propofol caused cellular 
degeneration in mouse brains (Figure 1) and modulated 
physiological parameters, such as blood pH, PO2, and 
glucose and lactate levels (Table 1). Propofol caused 
impairments to cell proliferation and inhibited neurogen-
esis in the brains of mice infants possibly by inducing 
cognitive dysfunction.38 Naringenin treatment in propofol- 
exposed mice showed corrective measures: it suppressed 
the level of neuronal apoptosis and maintained physiolo-
gical and biochemical parameters. The propofol-induced 
reduction in blood glucose may represent a key biochem-
ical mechanism regulating cellular degeneration in the 
brain, which was maintained by naringenin administration. 
Propofol-induced neuronal apoptosis in neonatal mouse 
brains was subsequently suppressed by naringenin admin-
istration. The detrimental effects of propofol exposure on 
neonatal mice were long-term neuronal deficits at adult-
hood, which were assessed by NeuN staining. Naringenin 
restored NeuN staining and functions that were suppressed 
by propofol. Propofol eventually impaired neurocognitive 
deficits and had long-term impacts on memory and learn-
ing in adults, as assessed by the MWM test for spatial 
learning and memory. Notably, naringenin administration 
to propofol-exposed mice was significantly effective at 
repairing cognitive issues, and improved learning and 

memory functions in adult mice. Propofol exposure in 
mouse neonates caused degenerative signatures in brain 
regions, including swelling of pyramidal neurons in the 
CA1 region of the hippocampus. This result indicates that 
propofol causes cellular damage and degenerative struc-
tural modifications in the developing brain. Treatment of 
propofol-exposed mice with naringenin showed drastic 
improvements in degenerative morphology in brain sec-
tions. Propofol showed to cause swelling of the pyramidal 
neurons in the CA1 region of the hippocampus in a dose- 
dependent manner in an infant mice model.10 The mea-
surement of apoptosis by TUNEL staining and caspase-3 
IHC suggest that propofol causes significant apoptotic 
changes in the CA1 and CA3 hippocampal regions of the 
brain. Furthermore, naringenin may inhibit these changes 
and suppress the apoptotic response. The activation of 
apoptosis in mouse brains was also confirmed by qPCR 
analysis of apoptosis-related genes (caspase-3, PARP and 
Bcl-xL), which revealed that propofol caused an apparent 
increase in the expression of these genes. The expression 
of these genes directly correlates with apoptosis induction. 
In addition, naringenin treatment reversed the effects of 
propofol and prevented apoptotic neuronal cell death. 
Propofol was shown to significantly increase the staining 
of hippocampal CA1 and CA3 regions at 5 mg/Kg dose in 
a time-dependent manner and increased apoptosis.10

Since the impact of propofol exposure on neonates may 
exert long-term consequences when the animals develop to 
adulthood, the impact was analyzed for long-term cellular 
and neurocognitive functions. NeuN IHC analysis was 
applied to emphasize the physiological status of neurons 
in the brain. Propofol caused rigorous cell loss in adults 
compared to the control group, which was subsequently 
restored by naringenin treatment. NeuN immunoreactivity 
declines significantly when exposed to severe injuries, 
such as cerebral hypoxia/ischemia and fetal distress or 
perinatal asphyxia.31 Thus, NeuN expression is a direct 
marker of propofol-induced neuronal damage and loss of 
neuronal morphology, which leads to long-term neurode-
generation in mouse brains. These results were accompa-
nied by observations from behavior and learning studies. 
Propofol increased the latency time, which was subse-
quently reduced by treating propofol-exposed mice with 
naringenin. The high latency time in the propofol-exposed 
group is an indicator of poor learning and behavioral 
response in mice, which were restored when mice were 
treated with naringenin. Propofol-exposed mice took 
a significantly longer time to cross the first platform, 
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with a reduced frequency, which were restored by narin-
genin administration, suggesting that naringenin may act 
as a potent preventive agent against propofol-induced poor 
learning behavior and neurocognitive responses in mice at 
adulthood. Propofol causes neurodegeneration by inhibit-
ing the biosynthesis of amino acid neurotransmitters such 
as aspartate, glutamate, glycine, and GABAA.39,40 

Although the exact mechanisms behind anesthetics 
induced neurotoxicity and neuronal damage remain com-
plicated and unclear. However, modulation of apoptotic 
signalling is identified as one of the major mechanisms 
for the cellular responses of anesthetic agents which 
further correlates with the activation of many deleterious 
signalling events in cell death signalling, cleavage of 
cytoskeletal proteins, signaling kinases and DNA repair 
enzymes in neuronal and nonneuronal cells.3,34–38,41,42 

Reversal of the propofol-altered biochemical and cellular 
events may represent a plausible mechanism that is 
involved in naringenin-mediated neuroprotection which 
can be utilized in preventive and therapeutic 
neuroprotection.

Conclusion
The results of the current study indicate that propofol 
exposure causes neuronal degeneration in mice at the 
neonatal stage, leading to learning and behavioral impair-
ments at adulthood. Propofol exposure caused cellular 
degenerative changes in the mouse brain and modulated 
the levels of physiological and biochemical parameters 
(pH, PCO2, PO2, glucose and lactate). Propofol exposure 
ultimately induced neuronal apoptosis in mouse brains, 
which could cause long-term neuronal deficits in adults. 
Propofol-exposed mice showed impaired neurocognitive 
functions and poor spatial learning and reference memory. 
In addition, administration of naringenin to propofol- 
exposed mice exerted preventive effects by suppressing 
degenerative effects, possibly restoring the physiological 
and biochemical alterations. Naringenin prevented neuro-
nal apoptosis in mouse brains and improved the learning 
memory response. This study emphasizes that naringenin 
may exert preventive effects against propofol exposure and 
prevent neurodegenerative processes in neonatal mouse 
brains. This study also suggests that careful consideration 
should be taken when using anesthetic agents for neonates, 
and preventive measures, such as natural flavonoids, may 
be utilized.
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