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Abstract: Inhalation anesthetics isoflurane may increase the risk of neurotoxicity and cognitive deficiency at post-
natal and childhood. Chikusetsu saponin IVa (chIV) is a plant extract compound, which could possessed extensive 
pharmacological actions of central nervous system, cardia-cerebrovascular system, immunologic system and treat-
ment and prevention of tumor. In our study, we investigated the neuroprotective effect of chIV on isoflurane-induced 
hippocampal neurotoxicity and cognitive function impairment in neonatal rats. ChIV or saline intraperitoneal in-
jected into seven-day old rats 30 min prior to isoflurane exposure. We found that, anesthesia with 1.8% isoflurane 
for 6 h significantly decreased the expression of SIRT1 in hippocampus. ChIV increased SIRT1, p-ERK1/2, PSD95 
level in hippocampus, decreased hippocampal neuron apoptosis and lactate dehydrogenase (LDH) release after 
isoflurane exposure. Furthermore, chIV improved adolescent spatial memory of rats after their neonatal exposure to 
isoflurane by Morris Water Maze (MWM) test. In addition, SIRT1 inhibitor sirtinol decreased the expression of SIRT1 
and its downstream of p-ERK1/2. Taken together, our date suggested that chIV could ameliorate isoflurane-induced 
neurotoxicity and cognitive impairment. The neuroprotective effect of chIV might be associated with up-regulation of 
SIRT1/ERK1/2. Moreover, chIV appeared to be a potential therapeutic target for isoflurane induced developmental 
neurotoxicity as well as subsequent cognitive impairment.
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Introduction 

As a non-pungency inhaled agent with less 
respiratory irritation, isoflurane has been wide-
ly used in pediatric operations. Some research-
es reported that exposured to isoflurane at 
postnatal and early childhood stage might 
increase the risk of impairment in learning and 
memory [1-3]. Numbers of studies had demon-
strated that isoflurane could cause neuroapop-
totic, synaptogenesis deficiency and learning 
and memory dysfunction in developmental of 
both rodents and non-human primates [4-8]. 
However, the exactly mechanisms underlying 
isoflurane-induced neurotoxicity and cognitive 
deficiency were not clearly understood.

SIRT1, an NAD+ dependent class III histone 
deacetylase, was an important regulator of cell 
survival and multiple neurodegenerative disor-

ders [9-11]. A growing number of evidence 
showed that pharmacological activation or 
upregulation of SIRT1 expression exhibited neu-
roprotective effects in several models of neuro-
degenerative diseases, such as Parkinson and 
Huntington diseases as well as Alzheimer’s dis-
ease (AD) [12-15]. At early stages of develop-
ment, overexpression SIRT1 was sufficient to 
regulate dendritic morphogenesis and enhance 
dendritic arborization in hippocampal neurons 
[16]. It also involved in protective of acute neu-
rotoxic stress [17]. In addition, SIRT1 deacety-
lase also promotes memory and normal cogni-
tive function [18]. The above evidence 
suggested that SIRT1 possibly involve in the 
role of neuroprotective and contributed to cog-
nitive function. 

Chikusetsu saponin IVa (chIV) is a sort of plant 
extract compound from Panacis japonica and it 
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is a common traditional herbal medicine in 
Tujia and the Hmong people of China [19]. 
Recent years, chIV was reported extensive 
pharmacological actions of central nervous 
system, cardia-cerebrovascular system, immu-
nologic system and treatment and prevention 
of tumour [20]. ChIV had been reported to 
reverse Ca2+ overload and oxidative stress in 
cardiomyocytes of mice with diabetic cardiac 
disorders [21] and provide a protective effect 
on myocardial infarction [22]. In addition, chIV 
was able to decrease mitochondrial membrane 
potential and provide a neuroprotective effect 
in Parkinson’s disease (PD) [23]. It also could 
attenuates lipopolysaccharide-induced liver 
injury [24] and against oxidative stress [20]. 
Therefore, chIV had a remarkable effect on 
anti-apoptosis, inflammation, thrombotic and 
reduced oxidative stress [20-25]. In present 
study, we aimed to investigate chIV neuropro-
tective effect on isoflurane-induced neurotoxic-
ity and cognitive deficiency as well as the 
underlying molecular mechanism.

Materials and methods

Animals 

Pregnant Sprague-Dawley (SD) rats were from 
the Laboratory Animal Centre of Tongji Medical 
College, Huazhong University of Science and 
Technology (Wuhan, China). Rats kept in stan-
dard laboratory housing under a 12-h light/
dark cycle, with freely eating and drinking. All 
experimental protocols and animal handling 
procedures were performed in accordance with 
the National Institute of Health Guide for the 
Care and Use of Laboratory Animals (NIH 
Publications No. 80-23, revised in 1996) and 
the experimental animal committee of Tongji 
Hospital, Tongji Medical College, Huazhong 
University of Science and Technology approved 
experimental protocols.

Experimental groups and drug treatment

At seven day after birth, pup rats were random-
ly divided into four groups: control group (con): 
intraperitoneal injected saline 100 μl with con-
trol gas exposure for 6 h; isoflurane group (iso): 
intraperitoneal injected saline 100 μl with 1.8% 
isoflurane exposure for 6 h; chIV group (chIV): 
intraperitoneal injected chIV 30 mg/kg (100 μl) 
with control gas exposure for 6 h; chIV+isoflurane 
group (chIV+iso): intraperitoneal injected chIV 
30 mg/kg (100 μl) with 1.8% isoflurane expo-

sure for 6 h. Saline and chIV intraperitoneal 
injected 30 min prior to control gas or isoflu-
rane exposure.

Isoflurane exposure 

Iso group and chIV+iso group rats were received 
isoflurane exposure at seven day after birth. 
The chamber (20×20×10 cm) was kept in a 
homoeothermic incubator to maintain 37°C.
Rats received 1.8% isoflurane flushed with 60% 
oxygen (balanced with air) or the control gas  
for 6 h in the chamber. An infrared probe 
(OhmedaS/5 Compact, Datex-Ohmeda, Louis- 
ville, CO, USA) detected the isoflurane, oxygen 
and carbon dioxide concentration during anes-
thesia. After isoflurane exposure, a sample of 
100 μl blood was collected to determine the 
pH, arterial oxygen, carbon dioxide tensions, 
base excess, and blood glucose with a blood 
gas analyzer (Kent Scientific Corp., Torrington, 
CT, USA).

Primary hippocampal neuron culture and 
treatment

0-24 h newborn SD rats were from the 
Laboratory Animal Centre of Tongji Medical 
College, Huazhong University of Science and 
Technology (Wuhan, China). Primary hippocam-
pal neuron culture was according to provirus 
described [26]. In brief, hippocampus were 
digested with 0.125% trypsin for 15 min at 
37°C and cells were seeded into 12-well plates 
with DMEM/F12 medium (Gibco, Waltham, 
USA) containing 10% fetal bovine serum (Gibco, 
Waltham, USA). The density of primary hippo-
campal neuron in 12-well plates was 4×104 
cells/well. Medium was replaced by Neurobasal 
A (Gibco, USA) and 2% B27 (Gibco, USA) after 4 
h. Hippocampal neurons were stained with 
Neun (neuronal biomarker) to identified by 
immunofluorescent and over 95% cells were 
hippocampal neurons. At 7 d of culture, 25 μg/
ml chIV or 15 μmol sirtinol added into medium 
6 h prior to isoflurane exposure or control gas. 
Experiment repeated at least three times.

Morris water maze (MWM) test

MWM test was performed as we describe provi-
rus [27]. At P22 (22 d after birth), rats were 
separated from mother rats and started train-
ing at P31 (31 d after birth). The training con-
tained 3 trials (120 s maximum; interval 20 
min) every day and last for 5 day in a row. At the 
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fifth day, probe trial was preformed after 1 h 
following the training. Path length, duration of 
time spent in each quadrant, time spend se- 
arching, latency and platform crossing were 
recorded and analyzed.

Western blot analysis

Western blotting was performed as protocols 
published in our previous experiments. In brief, 
samples were homogenized with RIPA buffer 
(150 mM sodium chloride, Triton X-100, 0.5% 
sodium deoxycholate, 0.1% sodium dodecyl 
sulfate, 50 mM Tris, pH 8.0) at 4°C for 30 min. 
Then removed sediment following sample were 
centrifuged for 15 min at 4°C. BCA protein 
assay kit (Boster, Wuhan, China) was used to 
determine the protein levels in supernatant. 
The samples were separated by 10% sodium 
dodecyl sulfate-polyacrylamide gel electropho-
resis and were transferred to polyvinylidene 
fluoride membranes (Millipore, Bedford, MA, 
USA). Bands were blocked with 5% BSA in TBST 
(0.1% Tween 20 in Tris-buffered saline) for 1 h. 
Relative primary antibodies were incubated at 
4°C overnight: rabbit synapsin-I (1:1000, Ab- 
cam, Cambridge, MA, USA), rabbit Erk1/2, ph- 
osphor-Erk1/2, PSD-95 (1:1000; Cell Signaling 
Technology, Danvers, MA, USA), mouse SIRT1 
(1:500, Abcam, Cambridge, MA, USA), rabbit 
Bax, Bcl-2 (1:800, Abclonal, Wuhan, China). 
Then bands were washed with TBST and incu-
bated second antibody for 2 h at room temper-
ature: goat anti-rabbit IgG horseradish peroxi-
dase or goat anti-rabbit IgG horseradish pe- 
roxidase (1:5000, Qidongzi, Wuhan, China). 
Finally, these bands were detected by enhan- 
ced chemiluminescence reagents (Thermo Sci- 
entific, Waltham, MA, USA) with the ChemiDoc- 
XRS chemilumi-nescence imaging system (Bio-
Rad, Hercules, CA, USA). Experiments were 
repeated at least for three times.

adenine dinucleotide and pyruvate at 37°C for 
15 min in 96-well cell culture plate. 2,4-dinitro-
phenylhydrazine was added to each well and 
incubated at 37°C for 15 min. The reaction was 
stopped by NaOH (0.4 mol/L). Absorbance was 
used to measure LDH release of different group 
at 450 nm. 

Cell viability assays

Viability of primary hippocampal neuron were 
detected by cell counting kit-8 (CCK-8, Boster, 
Wuhan, China) assay. Primary hippocampal 
neuron were seeded with 1×104 cells/well in 
96-well plates. After different treatment, 10 μl 
CCK-8 solution was added to each well and 
wells were incubated at 37°C for 1 h. 
Absorbance was used to measure optical den-
sity of each well at 450 nm.

TUNEL assays

TUNEL staining was performed according to 
provirus manufacturer (Roche Molecular Bio- 
chemicals, Mannheim, Germany) [28]. Hippo- 
campal tissue sections (5 μm thickness) were 
used for TUNEL immunohistochemically stain-
ing. TUNEL stained positive cells were counted 
as score of apoptotic cells. The staining inten-
sity was evaluated by Image-Pro plus 6.0 soft-
ware (Media Cybernetics, Silver Spring, MD, 
USA). Experiment repeated for three times.

Statistical analysis

The data were presented as mean ± SEM and 
all the data were analyzed with SPSS software 
17.0 (SPSS Inc., Armonk, New York, USA). Two-
way ANOVA (treatment and time) was used to 
analyze escape path length and escape latency 
in the MWM test. Other data were analyzed by 
one-way ANOVA followed by the Dunnett’s test. 

Table 1. Effects of isoflurane exposure on physiological pa-
rameters of arterial blood gas analysis in neonatal rats

Con Iso ChIV+iso ChIV 
PH 7.32±0.06 7.33±0.03 7.34±0.06 7.33±0.05
PaCO2 (mmHg) 37.7±3.9 40.5±3.3 39.2±4.4 37.1±3.0
PaO2 (mmHg) 104±11 106±9 108±12 103±9
Glucose (mmol/L) 4.3±0.9 3.9±0.4 4.2±0.6 4.5±0.8
SaO2 (%) 99±1.2 98±0.8 98±1.1 99±0.6
The pH, PaCO2, PaO2, glucose and SaO2 levels did not differ significantly 
among the four groups. Data are presented as mean ± SEM (n = 5 per 
group). PaO2, arterial oxygen tension; PaCO2, arterial carbon dioxide tension; 
SaO2, arterial oxygen saturation.

Lactate dehydrogenase (LDH) 
assay

LDH assay was used to determine 
the cytotoxicity after isoflurane 
exposure. Samples were homoge-
nated with saline, then supernatant 
was collected following centrifuged 
at 4°C. The LDH concentration was 
measured by LDH assay kit (Nanjing 
Jiancheng Bioengineering Institute, 
China) according to the manufac-
turer’s instructions. Briefly, 20 μl 
supernatant from different group 
was reacted with nicotinamide-
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p value < 0.05 was considered statistically 
significant.

Results

Physiological parameters

The parameters of pH, PaCO2, PaO2, glucose 
and SaO2 were in the normal range. There were 
no difference among four experiment groups 
(p>0.05, Table 1).

ChIV ameliorated isoflurane-induced suppres-
sion of SIRT1

To investigate the effect of isoflurane on SIRT1 
expression in neonatal hippocampus, we de- 

of neonatal rats by Western blot. The results 
shown that isoflurane suppressed SIRT1 and 
p-ERK1/2 expression, whereas this suppres-
sion could reverse by chIV 30 mg/kg i.p. pre-
treatment (Figure 1C and 1D p<0.05 or p< 
0.001).

ChIV pretreatment improved spatial memory 
impairment after isoflurane exposure

To determine the behavioral effects of isoflu-
rane and chIV, MWM was used to evaluate spa-
tial learning and memory at 24 d (P31) after 
isoflurane exposure. Isoflurane exposure 
impaired the spatial memory as revealed by 
less time in the target quarter (Figure 2C, 
p<0.05), longer escape latency (Figure 2D, 

Figure 1. Isoflurane (1.8%, 6 h) suppressed SIRT1 expression in P7 rats and 
ChIV could ameliorate isoflurane-induced suppression of SIRT1. A. Hippocam-
pal SIRT1 expression decreased at 0, 12, 24 h after isoflurane exposure as 
a time-dependent manner. B. Administration of chIV (30 and 60 mg/kg, i.p.) 
significantly attenuated isoflurane-induced decrease in hippocampal protein 
expressions of SIRT1 in neonatal rats. C. The effects of isoflurane (1.8%, 6 
h) and chIV (30 mg/kg, i.p.) on hippocampal protein expressions of SIRT1 in 
neonatal rats. D. The effects of isoflurane (1.8%, 6 h) and chIV (30 mg/kg, 
i.p.) on hippocampal protein expressions of p-ERK1/2 in neonatal rats were 
detected by Western blot analysis. Application of chIV significantly attenuated 
isoflurane-induced decrease in hippocampal protein expressions of p-ERK1/2 
in neonatal rats. con: control group; 0 h: 0 h after 1.8% isoflurane exposure; 
12 h: 12 h after 1.8% isoflurane exposure; 24 h: 24 h after 1.8% isoflurane 
exposure. Data were presented as mean ± SEM (n = 7 per group). *denotes 
p<0.05, **denotes p<0.01, ***denotes p<0.001 when comparing the two 
groups under each end of the capped line.

tected SIRT1 expression 
after isoflurane exposure by 
western blot. As shown in 
Figure 1A, SIRT1 decreased 
approximately as a time-
dependent manner (p<0.01) 
after isoflurane exposure 
and reached to the lowest 
level at 12 h after isoflurane 
exposure. Therefore, we 
chose 12 h after isoflurane 
exposure in our following 
experiment.

ChIV was reported to upregu-
late high glucose induced 
SIRT1 decrease and attenu-
ate myocardium apoptosis in 
myocardium of mouse [21]. 
Thus, we explored the effect 
of chIV on isoflurane-induced 
suppression of hippocam- 
pal protein SIRT1 level. We 
chose three different con-
centrate of chIV 15 mg/kg, 
30 mg/kg and 60 mg/kg in 
our study. Our data demon-
strated that 30 mg/kg, 60 
mg/kg chIV effectively incr- 
eased SIRT1 expression at 
12 h after isoflurane expo-
sure (Figure 1B, p<0.001 or 
p<0.05). Based on our resu- 
lts, we selected a dose of  
30 mg/kg in our following 
studies.

Then, we tested the effect of 
isoflurane or 30 mg/kg chIV 
on SIRT1 and p-ERK1/2 
expression in hippocampal 
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p<0.05 or p<0.01) and 
increased travel distance 
(Figure 2E, p<0.05) com-
pared with con group. 
However, the impairment of 
spatial memory induced by 
isoflurane could reverse by 
chIV pretreatment. ChIV pr- 
etreatment rats displayed 
shorter travel distance (Fi- 
gure 2E, p<0.05), escape 
latency decreased (Figure 
2D, p<0.05 or p<0.01) and 
spend more time in the tar-
get quarter (Figure 2C, p< 
0.05) compared with iso 
group.

In the probe trial, isoflurane 
anesthesia decrease the 
platform crossing compared 
with con group (Figure 2A, 

Figure 2. Spatial memory deficits induced by neonatal exposure to isoflurane were alleviated by the treatment of 
chIV (30 mg/kg, i.p.). A. Representative swim paths obtained during trial 3 (session 4) from rats in the three experi-
mental group. B. The platform crossing times during probe trial of MWM test. Data were presented as mean ± SEM 
(n = 10 per group). *denotes p<0.05 when comparing the two groups under each end of the capped line. C. The 
analysis of the time spent in each quadrant during the probe test of MWM. Data were presented as mean ± SEM (n 
= 10 per group). *denotes p<0.05 when comparing the two groups under each end of the capped line. D. Escape 
latency in the Morris water maze plotted against the training days. Repeated measures ANOVA followed by a post 
hoc Bonferroni multiple comparison test (n = 10 per group): *denotes p<0.05, **denotes p<0.01 con vs iso. #de-
notes p<0.05, ##denotes p<0.01 iso vs iso+chIV. E. Escape path length in MWM plotted against the training days. 
Repeated measures ANOVA followed by a post hoc Bonferroni multiple comparison test (n = 10 per group): *denotes 
p<0.05 con vs iso. #denotes p<0.05 iso vs iso+chIV.

Figure 3. ChIV reversed isoflurane-induced decrease in hippocampal PSD-95 
expressions in neonatal rats. The effects of isoflurane (1.8%, 6 h) and chIV (30 
mg/kg, i.p.) on hippocampal protein expressions of PSD-95 (A), SNAP-25 (B) in 
neonatal rats were detected by Western blot analysis. (A) Isoflurane exposure 
induced a significant decrease in hippocampal protein expressions of PSD-95, 
whereas the decrease was reversed by the application of chIV. (B) Isoflurane 
exposure or combined treatment of chIV didn’t alter hippocampal protein lev-
els of synapsin I in neonatal rats. Data were presented as mean ± SEM (n = 
7 per group). *denotes p<0.05 when comparing the two groups under each 
end of the capped line.
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p<0.05). Pretreatment with chIV could improve 
the spatial memory deficiency in young rats as 
indicated by increase platform crossings com-
pared to isoflurane treatment (Figure 2A, 
p<0.05). Our results demonstrated that chIV 
pretreatment improved adolescent spatial 
memory of rats after their neonatal exposure to 
isoflurane.

ChIV restored isoflurane-induced PSD95 level 
reduction in hippocampus of neonatal rats

It had been reported that isoflurane induced 
cognitive dysfunction in neonatal rats, which 
was associated with deficiency of synaptic rela-
tive protein synthesis. Therefore, we detected 
whether chIV could reverse isoflurane-induced 
synaptogenesis obstacle in neonatal rats. We 
found that isoflurane decreased PSD 95 
expression in hippocampus compared to the 
saline-treated rats (Figure 3A, p<0.05), where-

as the expression of synapsin I was not statisti-
cally significant (Figure 3B, p>0.05). In addi-
tion, 15 mg/kg chIV i.p. effectively improved 
PSD 95 expression in hippocampus of neonatal 
after isoflurane exposure (Figure 3A, p<0.05) 
but did not alter synapsin I expression in hip-
pocampal of neonatal rats (Figure 3B, p>0.05).

ChIV mitigated isoflurane-induced apoptosis in 
hippocampus of neonatal rats 

Previous studies demonstrated that isoflurane 
exposure during neonatal caused widespread 
neuroapoptosis in hippocampus and amplified 
impairment in long-term cognitive function in 
juvenile [7]. Therefore, we test whether chIV 
could confer neuroprotective effect in hippo-
campal of neonatal after isoflurane exposure 
by TUNEL assays, LDH release assays, cell  
viability assay and Western blot. Isoflurane 
increased amount of TUNEL positive cell in 

Figure 4. ChIV mitigated isoflurane-induced apoptosis in hippocampus of neonatal rats and primary hippocampal 
neruon. A-H. The treatment of chIV (30 mg/kg, i.p.) significantly reduced isoflurane (1.8%, 6 h)-induced increase 
of TUNEL positive cell in hippocampus CA1 and CA3 region of neonatal rats. I. Pretreatment with chIV (30 mg/kg, 
i.p.) significantly reduced isoflurane (1.8%, 6 h)-induced up-regulation of LDH release in the hippocampus of neo-
natal rats. J. Application of chIV (25 μg/ml) in primary hippocampal neuron promoted cell viability after isoflurane 
anesthesia. K. Administration of chIV (30 mg/kg, i.p.) significantly attenuated isoflurane (1.8%, 4 h)-induced down-
regulation of Bcl-2 in the hippocampus of neonatal rats. L. Application of chIV (30 mg/kg, i.p.) significantly reduced 
isoflurane (1.8%, 6 h)-induced enhancement of Bax in the hippocampus of neonatal rats. Data were presented as 
mean ± SEM (n = 7 per group). *denotes p<0.05, **denotes p<0.01, ***denotes p<0.001 when comparing the 
two groups under each end of the capped line.
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both CA1 and CA3 region (Figure 4A-D) and 
LDH release (Figure 4I, p<0.001) in hippocam-
pal tissue compared to saline-treat group. The 
primary hippocampal neuron viability reduced 
after isoflurane exposure with CCK8 assays 
(Figure 4J, p<0.05). In addition, we detected 
pro-apoptotic factor Bax and anti-apoptotic  
factor Bcl-2 in hippocampus by western blot 
after isoflurane-treated. As shown in Figure 4K 
and 4L, isoflurane increased Bax protein 
expression while decreased Bcl-2 protein 
expression (p<0.05 or p<0.001), which was 
consistent with our provirus results. However, 
isoflurane-induced neuroapoptosis both in vivo 
and in vitro was mitigated after chIV pretreat-
ment. Consistent with our hypothesis, chIV pre-
treatment reduced amount of TUNEL positive 
hippocampal neuron both CA1 and CA3 region 
(Figure 5E-H) and decreased LDH release 
(Figure 4I, p<0.001) after isoflurane anesthe-
sia. Furthermore, chIV also increased cell viabil-
ity after isoflurane anesthesia (Figure 4J, 
p<0.05) and upregulated protein Bax and Bcl-2 
expression after isoflurane exposure (Figure 4K 
and 4L, p<0.05 or p<0.01).

ChIV-induced neuroprotective effect after 
isoflurane anesthesia was mediated by SIRT1/
ERK1/2 pathway

According to our results, chIV upregulated 
SIRT1, p-ERK1/2 level and provided neuropro-
tective effects on neonatal hippocampal tis-
sue. However, whether chIV pretreatment pre-
vented primary hippocampal neuron apoptosis 
was unknown. We detected 12.5 μg/ml, 25 μg/
ml and 50 μg/ml chIV in vitro to ensure these 
doses were safe to cells by CCK8 assays (Figure 
5A, p>0.05). Then we chose dose of 25 μg/ml 
in our following experiment. Consistent with our 
provirus results in vivo, isoflurane suppressed 
SIRT1, p-ERK1/2 level (Figure 5C and 5D, 
p<0.05 or p<0.01) whereas chIV pretreatment 
attenuated the suppression of SIRT1 and 
p-ERK1/2 expression induced by isoflurane 
(Figure 5C and 5D, p<0.05 or p<0.01). These 
finding demonstrated that chIV up-regulated 
SIRT1, p-ERK1/2 level both in vivo and in vitro 
after isoflurane anesthesia. 

Next, we further investigated the role of SIRT1 
in chIV-induced neuroprotective effect after 

Figure 5. ChIV-induced neuroprotective effect after isoflurane anesthesia (1.8%, 6 h) was mediated by SIRT1/
ERK1/2 pathway. A. Different concentration of chIV (12.5, 25, 50 μg/ml) had no significant effect on primary hippo-
campal neuron viability. B. A graph representative of Western blot analysis of nuclear SIRT1, p-ERK1/2 expressions 
in primary hippocampal neuron. C. The statistical analysis showed that chIV (25 μg/ml) induced upregulation of 
SIRT1 was counteracted by sirtinol in isoflurane anesthesia. D. The statistical analysis showed that chIV (25 μg/ml)-
induced upregulation of p-ERK1/2 was counteracted by sirtinol. E. Sirtinol counteracted chIV (25 μg/ml)-induced 
increase of cell viability in primary hippocampal neuron. F. Sirtinol counteracted chIV (25 μg/ml)-induced decrease 
of LDH release. Data were presented as mean ± SEM (n = 7 per group). *denotes p<0.05, **denotes p<0.01, 
***denotes p<0.001 when comparing the two groups under each end of the capped line.
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isoflurane exposure. We applied sirtinol, an 
inhibitor of SIRT1, in primary hippocampal neu-
ron and detected SIRT1 and p-ERK1/2 expres-
sion, LDH release and cell viability. We found 
that sirtinol counteracted chIV-induced SIRT1 
and p-ERK1/2 upregulation (Figure 5C and 5D, 
p<0.01 or p<0.001). In addition, primary hippo-
campal neuron pretreated with sirtinol incre- 
ased LDH level and decreased cell vibility, indi-
cating that the protective effect of chIV was 
largely counteracted by sirtinol (Figure 5E and 
5F, p<0.05). These data suggesting that 
ERK1/2 might be one of the downstream of 
SIRT1 and chIV-induced neuroprotective effect 
after isoflurane anesthesia could possibly 
mediate by activating SIRT1/ERK1/2 pathway.

Discussion 

In present study, we shown for the first time 
that chIV pretreatment attenuated isoflurane-
induced neurotoxicity and spatial memory 
impairment in neonatal rats. ChIV pretreatment 
eliminated the increase of neuroapoptosis and 
improved the hippocampal dependent spatial 
memory deficiency following isoflurane anes-
thesia. Furthermore, the protective effect of 
chIV after isoflurane exposure possibly mediat-
ed by SIRT1/ERK1/2 pathway up-regulation.

Previous researches have demonstrated that 
at postnatal and early childhood stage, isoflu-
rane anesthesia increased the risk of impair-
ment in learning and memory [1-3]. In our 
experiment, we found that developmental rats 
showed less platform crossing, longer escape 
length, longer escape latency and less time in 
target quadrant in MWM test after isoflurane 
exposure. The underlying mechanism might be 
associated with neuroapoptosis, neuro-inflam-
mation and synaptic plasticity dysfunction [5, 
6, 27]. As a common traditional herbal medi-
cine, chIV had a remarkable effect on anti-
apoptosis, inflammation, thrombotic and re- 
duced oxidative stress [19, 23, 24]. Therefore, 
we hypothesized that whether chIV had a neu-
roprotective effect on neonatal rats after isoflu-
rane anesthesia. To further investigate the role 
of chIV on neonatal rats after isoflurane anes-
thesia, neonatal rats pretreated with chIV. Our 
study demonstrated that chIV attenuated neu-
roapoptosis and PSD 95 decrease in neonatal 
rats after isoflurane anesthesia. In addition, 
chIV also reversed hippocampal dependent 

spatial memory impairment induced by isoflu-
rane suggesting that chIV might provide a neu-
roprotective effect in newborn rats and 
improved adolescent spatial memory of rats 
after their neonatal exposure to isoflurane.

SIRT1 is the closest mammalian homolog of 
yeast Sir2, a nicotinamide adenine dinucleo-
tide-dependent histone deacetylase. In recent 
years, SIRT1 has emerged as a key regulator in 
multiple neurodegenerative disorders [10, 11, 
29-32], and it also attracted our attention in 
various fields of disorders such as metabolic 
disease [33], oncogenesis [31], cardiomyopa-
thy [21], retinal diseases [34] and kidney injury 
[35]. Accumulating evidence characterize Sirt1 
as a survival factor that protects against aging-
associated pathologies, including cardiovascu-
lar disease, metabolic disorders, and, impor-
tantly, neurodegeneration. It was reported to 
be protective against a number of neurodegen-
erative diseases, including Alzheimer’s dis-
ease, Parkinson’s disease, and Huntington’s 
disease, through the deacetylation of either 
prodeath or prosurvival substrates [12-15]. 
SIRT1 was expressed at high levels in heart, 
brain, spinal cord, and dorsal root ganglia of 
mouse embryos [36] especially highly expre- 
ssed in embryonic brain [31]. Consistent with 
this notion, many studies verified that SIRT1  
in hippocampus regulated gene expression 
through histone acetylation is an essential 
component of learning and memory [17, 32, 37, 
38]. As an experimental form of synaptic plas-
ticity and a major cellular mechanism underly-
ing learning and memory, long-term potentia-
tion was enhanced by SIRT1 histone acetylation 
[39]. In addition, investigators found that SIRT1 
localizes in the nuclei of pyramidal and granule 
neurons of the hippocampus, a structure criti-
cally involved in cognitive processes [17]. 
Therefore, SIRT1 showed many important func-
tions during development, influencing brain 
structure through axon elongation [40], neurite 
outgrowth [41], and dendritic branching [16]. 
Lack of SIRT1 impaired short-term and long-
term associative memory, which was neces-
sary for normal spatial learning [17]. Recent 
year a growing body of studies showed that 
SIRT1 protein expression were alter and result-
ed in neuronal damage and neuroapoptosis 
[42, 43]. SIRT1 knock-out mice exhibited 
impairment of long-term potentiation [32]. In 
the adult brain, SIRT1 can also modulate syn-
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aptic plasticity and memory formation [17, 18].
However, whether SIRT1 involved in isoflurane-
induced neuroapoptosis in neonatal was 
remain unknown. In the present study, we 
reported that the expression of SIRT1 was 
downregulated after isoflurane anesthesia in 
P7 rats and primary hippocampal neuron. 
However, the administration of chIV, attenuated 
isoflurane-induced SIRT1 deduction and neuro-
apoptosis which was consistent with numbers 
of previous studies. These evidence suggested 
that SIRT1 expression might involve in the set-
ting of neuroapoptosis after isoflurane anes-
thesia in neonatal rats, which supported the 
mechanism of the neuroprotective effect of 
SIRT1 and chIV could attenuate isoflurane-
induced neurotoxicity by up-regulating SIRT1 in 
newborn rats.

As an inhibitor of SIRT1, sirtinol applied in pri-
mary hippocampal neuron to verify the protec-
tive mechanism of chIV. In present study, sirti-
nol decreased chIV-induced SIRT1 and 
p-ERK1/2 upregulation. In addition, sirtinol 
also counteracted chIV-induced decreased of 
primary hippocampal neuron apoptosis. It sug-
gested the neuroprotective function of chIV 
after isoflurane exposure possibly associated 
with SIRT1/ERK1/2 pathway.

ERK is a member of the MAPK superfamily, 
which is important and associated with cell 
membrane receptors and regulative targets 
[44]. The regulation of MAPK and its upstream 
and downstream molecular effectors is wide-
spread. Recent years, accumulating evidence 
has shown that ERK signaling pathway is close-
ly associated with learning and memory [45-
47] and has an effect on synaptic plasticity and 
new dendritic spines formation [48-50]. ERK 
activation regulates synaptic proteins and plays 
a positive regulatory role in the induction and 
maintenance of LTP [51, 52], which contributes 
to neuroprotection [53, 54]. In our study, isoflu-
rane decreased p-ERK1/2 expression and 
increase of neuroapoptosis in developmental 
hippocampus, suggesting the p-ERK1/2 might 
play a neuroprotection role in isoflurane anes-
thesia. Consistent with our study, ketamine and 
propofol increased neuroapoptosis and sup-
pressed phosphorylated ERK in five-day-old 
mice [55]. Zhao et al. [29] demonstrated that 
after brain injury, SIRT1 inhibitor or RNA inter-
ference could attenuate activation of ERK. On 
the other hand, inhibition of ERK activation 

could reduce SIRT1 expression. In our experi-
ment isoflurane downregulate SIRT1 and de- 
crease p-ERK1/2 activation whereas chIV up- 
regulated SIRT1 and increased p-ERK1/2 acti-
vation. These results further revealed the rela-
tionship between SIRT1 and ERK1/2 in isoflu-
rane anesthesia at neonatal. However, the role 
of p-ERK1/2 in chIV-induced neuroprotective 
effect after isoflurane exposure was remain to 
investigate and the precious mechanism 
remained to be further detected in our follow-
ing experiment.

Taken together, our research demonstrated 
that chIV protected hippocampal neuron from 
isoflurane-induced neurotoxicity in neonatal 
rats and improved adolescent spatial memory 
of rats after their neonatal exposure to isoflu-
rane. The underlying mechanisms of chIV medi-
ated neuroprotective effect seemed to be  
associated with activation of SIRT1/ERK1/2 
pathway. Our results promoted chIV as a prom-
ising novel therapeutic agent for isoflurane 
induced neurotoxicity and spatial memory defi-
ciency at developmental stage.
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