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Liver transplantation is the only treatment available 
for pediatrics with end-stage liver disease. However, 
neurological damage is prone to occur after liver 
transplantation, especially in children. Accumulating 
evidence has shown that sevoflurane is closely linked 
to brain injury induced by liver transplantation. However, 
the study on the role of sevoflurane in brain injury 
induced by liver transplantation is rare and needs to be 
further investigated. The study is aiming to investigate 
the effects of sevoflurane on brain injury induced by 
liver transplantation and its underlying mechanisms. The 
brain injury rat model was built through 70% hepatic 
ischemia-reperfusion (HIR) of young rats. We detected 
the ferroptosis and brain injury after HIR by histological, 
transmission electron microscope analyses, western 
blot, and Enzyme-linked immunosorbent assays. And 
we detected the level of ferroptosis in brain by using 
sevoflurane during HIR compared with HIR without using 
sevoflurane. At the same time, we use iron inhibitor 
deferoxamine (DFO) to verify that the brain injury was 
caused by ferrotosis of brain. The results indicated that 
the pathological injury, ferroptosis indicators, and brain 

injury indicators were aggravated in the sevoflurane 
group compared with the HIR group, the decrease in the 
degree of brain injury and ferroptosis was observed in the 
group using DFO. Collectively, the results suggest that 
ferroptosis may mediate sevoflurane-aggravated young 
rats' brain injury induced by liver transplantation. Our 
findings provide a potential therapeutic target for brain 
injury after pediatric liver transplantation. NeuroReport 33: 
705–713 Copyright © 2022 The Author(s). Published by 
Wolters Kluwer Health, Inc.
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Introduction
Liver transplantation is the only treatment available for 
pediatrics with end-stage liver disease. However, brain 
injury is a classic problem after pediatric liver transplan-
tation [1]. Children suffer from neurological problems 
after liver transplantation in up to 46% of cases, with a 
higher mortality rate in the pediatric age group compared 
with adults [2]. Its symptoms are insidious and not easily 
detected, and may have long-term effects on children’s 
intellectual development.

Clinical studies have shown that the application of gen-
eral anesthesia in infants and children under the age of 
2 years leads to behavioral changes over a longer period 
of time, suggesting that general anesthetics may dam-
age the central nervous system in infants and children 
[3]. But most of the children undergoing this type of 

surgery are at a sensitive stage of neurological develop-
ment. The neuronal proliferation, differentiation, and 
migration as well as synaptogenesis, modification, and 
myelin formation in the brain are very active, and neural 
development is exceptionally sensitive to changes in the 
internal and external environment at this period of time 
[4]. Ferroptosis is a newly discovered mode of cell death 
in recent years, characterized by iron-mediated accumu-
lation of lipid peroxides, which is associated with several 
oxidative stress diseases. The main iron storage places in 
the body are the liver, spleen, and macrophages. Both the 
liver and macrophages are important members involved 
in hepatic ischemia-reperfusion (HIR). Sevoflurane is 
widely used as an inhalation anesthetic in pediatric surgi-
cal clinical anesthesia [5]. However, recent studies have 
found that sevoflurane may be able to cause widespread 
neurotoxicity [6], and to date, there has been little agree-
ment on the effects of sevoflurane in postoperative brain 
injury in the clinic. The relationship between ferroptosis 
and brain damage and sevoflurane has not been reported. 
Therefore, the present study was proposed to evaluate 
the effect of sevoflurane in brain injury after HIR in 
young rats and its relationship with ferroptosis.
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Methods
Animals and animal groups
Sixty-four male Sprague-Dawley rats (2 weeks), weigh-
ing 20–30 g. All animals were brought from the Institute 
of Medical Laboratory Animals at the Chinese Academy 
of Medical Sciences and were kept in the same unit in a 
temperature-controlled environment [(22 ± 1) °C]. The 
rats were fasted for 12 h before the experiment and drank 
water freely.

After being numbered according to body weight, the rats 
were randomly divided into four groups using the random 
number table. The number of rats in each group was 16. 
The experimental groups were as follows: sham-operated 
group (S group, n = 16), the model group receiving HIR 
(HIR group, n = 16), sevoflurane group treated (HIR+Sev 
group, n = 16), and desferrioxamine treated group [deferox-
amine (HIR+Sev+DFO) group, n = 16]. In HIR+Sev and 
HIR+Sev+DFO groups, rats were placed in an anesthetiz-
ing chamber and exposed to 3.6% sevoflurane [7] (Cayman, 
23996, USA) with complete oxygen for 2 h, and sham and 
HIR group rats were conducted with the same procedure 
without sevoflurane exposure. DFO (100  mg/kg, MCE, 
HY-B0988, China) was administered continuously daily 
for 6 days before surgery in the HIR+Sev+DFO group [8]. 
Other groups were given equal amounts of saline.

Preparation of rat liver transplantation model
We established a 70% HIR model following the steps 
described by Yu et al. [9] in the HIR, HIR+Sev, and 
HIR+Sev+DFO groups. Intraperitoneal injection of 3% 
sodium pentobarbital (30  mg/kg, glpbio, GC18059-10, 
USA) was used as preoperative anesthesia. After satisfac-
tory anesthesia, the mice were fixed in a supine position, 
the skin was prepared and disinfected, the upper abdo-
men was opened along the abdominal midline to expose 
the hepatic hilum, and the left hepatic artery and portal 
vein were blocked with vascular forceps for 1  h, leav-
ing the middle and left lobes of the mice in an earthen 
ischemic state, accounting for approximately 70% of the 
total mouse liver. Warm saline gauze was used to cover 
the wound. Then the vascular clamp was removed and 
the skin incision was sutured layer by layer. Rectal tem-
perature was continuously monitored during surgery. A 
heat lamp was used to maintain the body temperature 
at about 37 °C. The sham group was separated from the 
vessels and bile duct tips without blocking the vessels.

After 6 h of reperfusion, the rats were sacrificed, eight rats 
were taken, Blood samples were obtained from the inferior 
vena cava, and serum was extracted by centrifugation at 
3000 ×g for 15 min. Then each heart was opened along the 
right auricle after opening the thorax, 50 ml of prechilled 
heparin saline was perfused from the aorta through the 
heart, the head was quickly severed, and the intact brain was 
removed from the severed head, and hippocampal tissues 
and cortical tissues were picked. The hippocampal tissues 

and cortical tissues were stored in a refrigerator at −80 °C 
for the next step of detection; the other four rats were 
perfused with electron microscopic fluid using the above 
method, and the brain tissues were taken and fixed using 
2.5% glutaraldehyde solution (Merck, 354400, Germany); 
the other four rats were perfused with saline as described 
above, and the brain tissues were taken and fixed using 4% 
paraformaldehyde solution(Merck, V900894, Germany).

General histology
Sections of brain tissue (five slices per sample) were col-
lected, fixed, dehydrated, and transparently rendered 
in ethanol and xylene solution. The wax-soaked tis-
sue is embedded in the embedding machine. Place the 
trimmed wax block cool at −20 °C freezing table, and 
slice the modified tissue chip wax block on the paraffin 
slicer(Leica RM2016 Shanghai, China), the slice thick-
ness is 4 μm. Stain sections with Hematoxylin (HE dye 
solution set, Servicebio, Wuhan, China) solution for 
3–5  min, and rinse with tap water. Then treat the sec-
tion with hematoxylin differentiation solution, and rinse 
with tap water. Treat the section with Hematoxylin Scott 
Tap Bluing, and rinse with tap water. A total of 85% eth-
anol (SUPELCO, 1009832500) for 5  min; 95% ethanol 
for 5 min; finally stain sections with eosin dye for 5 min. 
Photomicrographs were captured with a light microscope 
(Nikon Eclipse E100, Tokyo, Japan). The nucleus was 
blue-purple, and the cytoplasm was red.

To calculate the number of abnormal neurons, three brain 
slices were randomly selected, and five nonoverlapping 
high-power fields (×400) in the hippocampal CA1 sector 
were randomly selected in each slice. Then, the number 
of abnormal neurons in the regions was calculated. By 
calculating the average number of abnormal neurons, sta-
tistical analysis was acquired for each group of samples.

Transmission electron microscope observation of 
hippocampus
Prepare the desired samples as described by Zuo et al. [10]. 
Briefly, rats were prechilled by aortic perfusion with PBS 
(Cellgro, 21-040-CV). Complete hippocampal bodies were 
quickly removed, and the middle portion was selected 
and cut into small pieces (1 × 1 × 1 mm3). They were fixed 
with 2.5% glutaraldehyde for 2 h, rinsed with PBS, fixed 
with 1% osmium tetroxide (Honeywell, 201030) for 2 h, 
dehydrated with graded alcohol, embedded with Epon, 
and stained with lead citrate(Cayman, 701041) and ura-
nyl acetate(Fluka, 73943-5G). Finally, the samples were 
observed by transmission electron microscopy (Hitachi 
HT7700, Japan). Two sections were selected for TEM 
observation, and five high magnification (×6000) images 
were randomly selected for each section.

Western blot
Proteins were extracted from freshly frozen tissues. 
Briefly, the tissues were homogenized and lysed with 
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radio immunoprecipitation lysis buffer (Solarbio, R0010, 
Beijing,  China), which has 100  mg/ml of phenylmeth-
anesulfonyl fluoride (ADOOQ, A11901, California, 
USA) and 1 mg/ml of Aprotinin (ADOOQ, A14263). The 
lysate was collected and centrifugated for liquid super-
natant. A total of 50 μg protein samples were separated 
with 10% SDS-PAGE (Solarbio, P1040) and transferred 
onto polyvinylidene fluoride (Millipore, HVLP04700, 
Arklow, Ireland) membranes. Membranes were blocked 
at room temperature with 5% skim milk (ACMEC, 
AC11037, Shanghai, China) powder in TBS (Quartett, 
402000192, Berlin, Germany) for 1 h. Membranes were 
then incubated overnight at 4 °C with primary antibod-
ies against the following proteins: Acyl-CoA synthetase 
long-chain familymember 4 (ACSL4) (1: 1000, ABclonal, 
A6826, Wuhan, China), transferrin receptor (TFRC) (1: 
1000, ABclonal, A5865, Wuhan, China). Secondary anti-
bodies (1: 1000, ABclonal, AS014, Wuhan, China) were 
incubated for 1 h at 37 °C and washed three times with 
PBST (PBS+0.1% Tween 20) (Biomed, PA202, Beijing, 
China). The protein bands were visualized by Molecular 
Imager Gel Doc XR System (Bio-Rad, Hertfordshire, 
UK) and quantified by densitometric analysis using an 
image analyzer (NIH Image J software, Bethesda, USA).

Enzyme-linked immunosorbent assays
Blood samples for analysis of S100β and neuron-specific 
enolase (NSE) were collected from the femoral vein, 
Serum S100β and NSE concentrations were detected by 
using the corresponding enzyme-linked immunosorbent 
assay kit (Shanghai mlBio Corp, ml003063, Shanghai, 
China; Beijing GERSION Corp, QS41610, Beijing, 
China) following the manufacturer instructions.

Statistical analysis
Graphpad prism 6.0 statistical software (GraphPad 
Software, San Diego, California, USA) and SPSS 20.0 
(IBM SPSS software, Armonk, New York, USA) were 
used for statistical analysis and graphing, respectively. 
All data are expressed as the mean ± SEM. Comparisons 
between the study groups were done using a one-way 
analysis of variance test. Post hoc analysis was done using 
Bonferroni’s method. A probability level of P < 0.05 was 
considered statistically significant.

Results
In this study, we observed postoperative morphological 
changes of neurons in rat’s hippocampal CA1 region by 
HE staining (Fig. 1a). As shown in Fig. 1a, we found the 
neurons in the sham group were round or oval with rich, 
large, and lightly stained cytoplasm, and orderly arranged 
nuclei, significant histological abnormalities were seen in 
the HIR-induced group, showing single neuronal crin-
kling, deepened cell staining, and poorly demarcated 
nuclei and cytoplasm (black arrows). In contrast, in the 
3.6% sevoflurane-treated group, multiple neuronal crin-
kling and increased damage were seen in the visual field, 

disorderly arranged nuclei, and neuronal pyknosis in the 
hippocampus were evident in this group. Compared with 
the sevoflurane group, the morphological pattern of hip-
pocampal sections in the 100 mg/kg dose DFO-treated 
group showed reversal and improvement, the hippocam-
pal neurons of rats in this group showed normal morphol-
ogy, similar to the sham group.

The number of damaged neuronal cells (Fig. 1b) in the 
HIR group was significantly higher than that in the S 
group, and the increase in neuronal damage was more 
pronounced in the HIR+Sev group; neuronal damage 
in the HIR+Sev+DFO group was obviously decreased 
and lower than that in the HIR group, but still higher 
than that in the S group (P < 0.001). It indicates that rats’ 
postoperative cognitive function may be related to the 
morphological changes of hippocampal neurons, and 
DFO can effectively alleviate the neural damage in the 
hippocampal CA1 region of the brain due to surgery and 
sevoflurane.

Iron inhibitors attenuate mitochondrial structural 
changes in hippocampal neurons caused by HIR and 
sevoflurane
To investigate the characteristics of ferroptosis in the 
hippocampal region after HIR, we examined the ultras-
tructure of neurons in the hippocampal region. As shown 
in Fig.  2, we found that in the HIR group, mitochon-
drial cristae were reduced or disappeared, and the same 
cristae reduction or disappearance was observed in the 
sevoflurane group. The situation was improved in the 
HIR+Sev+DFO group compared with the sevoflurane 
group. Our results showed that both surgery and sevoflu-
rane can cause mitochondrial ferroptosis in neurons in the 
hippocampal region of the rat brain, and HIR+Sev+DFO 
can alleviate the altered mitochondrial ferroptosis in 
neurons.

Sevoflurane exacerbates the increase in ACSL4 and 
TFRC caused by Hepatic IR; however, this can be res-
cued by ferroptosis inhibitor DFO.

To determine whether ferroptosis participate in the brain 
of young rats after HIR, ACSL4 and TFRC were meas-
ured using western blotting (Fig. 3a). ACSL4 is an indica-
tor of lipid peroxidation, whereas TFRC is an indicator of 
iron metabolism. In the hippocampal region of the juve-
nile rat brain, TFRC and ACSL4 levels in the HIR group 
were higher than those in the S group, and the elevation 
was more pronounced in the HIR+Sev group; the levels 
in the HIR+Sev+DFO group were markedly decreased 
and lower than those in the HIR and HIR+Sev group 
(P < 0.001), and there was no apparent difference in the 
levels compared with the S group (P > 0.05) (Fig. 3b and 
c). The trend of indicator expression was consistent in 
the cortex and hippocampus, and The content of ACSL4 
in the cortical area of HIR+Sev+DFO was higher than 
that of the S group (P  <  0.05) (Fig.  3c). Our findings 
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demonstrated that surgery elevates ferroptosis indicators 
in both the cortex and hippocampus, that sevoflurane 
exacerbates ferroptosis, and that administration of the 
ferroptosis inhibitor DFO can markedly reduce the ele-
vation of ferroptosis-related indicators.

HIR and sevoflurane induced an increase in serum 
brain damage markers
To evaluate the degree of brain damage, the level of 
serum brain damage markers (NSE and S100β) was 
assessed. Compared with the S group, the concentra-
tions of NSE in the hippocampus of rats increased sig-
nificantly after surgery, and to a greater extent when 
sevoflurane was administered. The administration 
of DFO significantly reduced the concentrations of 

NSE, but their levels were still higher than those in 
the HIR group (P  <  0.001) (Fig.  4a). Consistent with 
the trend of NSE, the concentration of S100β in the 
rat hippocampus increased significantly after surgery 
compared with the S group (P < 0.001), and the level 
in the HIR+Sev group increased compared with the 
HIR group (P  <  0.001), and the concentration in the 
HIR+Sev+DFO group decreased compared with the 
HIR+Sev group (P < 0.05), but its level was still higher 
than that of the HIR group (P < 0.05) (Fig. 4b). This 
indicated that brain damage indicators in serum are 
elevated after surgery and sevoflurane aggravates the 
degree of brain damage, whereas administration of 
DFO effectively reduces brain damage indicators, but 
is still higher than in the HIR group.

Fig. 1

Morphological changes of brain tissues in each group (HE staining,×200,×400; scale bars 100 and 50 μm) (a), quantitative analysis of injured 
neurons with neuronal pyknosis in the hippocampal CA1 region (b). Data were represented as the mean ± SD (n = 4, per group). ***P < 0.001 vs. 
the sham group. ###P < 0.001 vs. the HIR group. &&&P < 0.001 vs. the HIR+Sev group.
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Discussion
Iron is essential for the normal function of brain tissue, 
but iron-mediated oxidative stress is associated with 
the pathogenesis of ischemia-reperfusion injury [11]. 
Iron-mediated remote brain injury after HIR injury is 
rarely reported. In the present study, a 70% HIR young 
rat model was used. The results showed that after HIR, 
neuronal wrinkling, deepened cell staining, and indis-
tinct cytoplasmic demarcation of the nucleus were seen 
in the region of the hippocampus of young rats, and the 
extent of such injury increased in the sevoflurane-treated 
group. Reduced or broken intracellular mitochondrial 
cristae of neurons in the hippocampal region were seen 
in both the HIR and sevoflurane-treated groups, ferrop-
tosis signs were present. In contrast, ferroptosis inhibi-
tor desferrioxamine effectively inhibited both HIR and 
sevoflurane-induced injury. The extent of ferroptosis was 
consistent with the extent of brain injury. It indicates 
that brain injury after HIR is associated with ferroptosis, 

and sevoflurane aggravates ferroptosis and brain injury in 
brain tissue after HIR in young rats.

Ferroptosis is a novel form of programmed cell death that 
is distinct from other forms of cell death and has iron-de-
pendent characteristics [12]. Its essence is an iron-medi-
ated impairment of lipid oxide metabolism, which causes 
cell death due to abnormal iron deposition inducing mas-
sive production of oxygen radicals, resulting in disruption 
of the balance of intracellular redox reactions. Ferroptosis 
mainly occurs in organs with active oxidative reactions, 
high energy metabolism, and rich in unsaturated fatty 
acids, especially in brain tissue [13,14]. Compared with 
the adult brain, the neonatal brain has a high rate of oxy-
gen consumption, a high concentration of unsaturated 
fatty acids, and a low concentration of antioxidants, and 
the brain shows the lower activity of endogenous antiox-
idant defense mechanisms, which makes it particularly 
sensitive to oxidative damage [15]. Therefore, the young 
brain is more susceptible to ferroptosis-related damage.

Fig. 2

Ultrastructure of hippocampal neurons in young rats of each group. (magnification×1500 and 6000; scale bars 5.0 and 1.0 μm). Black arrows 
indicate normal mitochondria; red arrows indicate reduced mitochondrial cristae.
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Fig. 3

Effect of Sevoflurane and DFO on ACSL4 and TFRC expression in hippocampus and cortex of brain after hepatic ischemia-reperfusion. Western 
blotting was used to measure the expression levels of ACSL4 and TFRC (a). Densitometry analysis of Western blots for the ratio of ACSL4 (b), 
TFRC (c). Data were represented as the mean ± SD (n = 8, per group). *P < 0.05 and ***P < 0.001 vs. the sham group. ###P < 0.001 vs. the 
HIR group. &&&P < 0.001 vs. the HIR+Sev group. ACSL4, Acyl-CoA synthetase long-chain familymember 4; TFRC, transferrin receptor.



Sevoflurane aggravates brain ferroptosis Yu et al. 711

If transferrin receptor 1, a receptor protein on the cell 
membrane sensitive to ferroptosis, is elevated, intracel-
lular iron overload and excess Fe2+ will be combined 
with substances involved in redox reactions, such as 
hydrogen peroxide and superoxide radicals, to produce 
reactive oxygen species (ROS) through the Fenton reac-
tion and Haber-Weiss reaction thereby inducing cell fer-
roptosis [16]. In the present study, we found that TFRC 
expression was elevated in the hippocampal region of 
young rats after HIR. Transferrin receptor is a cell mem-
brane receptor that plays a key role in the regulation of 
cellular iron uptake. The results of the present study 
showed that transferrin receptor 1 was increased in 
brain tissue of remote organs after HIR, and the cellular 
uptake of iron was enhanced. Cells are in a state of iron 
overload. Ferroptosis plays a key role in the develop-
ment of central nervous system disorders. It has been 
found that excessive iron accumulation in the brain will 
cause neurotoxicity and severe cognitive impairment 
[17]. The main role of TFRC is to assist transferrin (Tf) 
in the intracellular transport of iron ions. TFRC can 
inhibit the growth of neuronal protrusions [18]. Iron 
binding sites are found in both senile plaques and neu-
rogenic fiber tangles, the amount of brain iron content is 
influenced by the amount of TFRC expression, and the 
removal of excess iron ions by desferrioxamine chela-
tion can alleviate the symptoms of Alzheimer’s disease 
[19–21]. This may also contribute to the vulnerability to 
neurological disorders after liver transplantation.

ACSL4 is a member of the long-chain esteryl coen-
zyme A synthetase family. Recent studies showed that 

high ACSL4 expression rendered cells more sensitive 
to ferroptosis by preferentially catalyzing several pol-
yunsaturated fatty acid such as arachidonic acid, and 
shaping cellular lipid composition [22] Alterations in 
ACSL4 enzyme activity can affect neurodevelopment 
through fatty acid metabolism [23]. ACSL4 can lead to 
ROS catalyzed by iron into lipid radicals, which produce 
cytotoxicity and trigger ferroptosis [20]. Ferroptosis has 
been associated with ischemic injury [24] and also with 
brain neuronal death in Parkinson’s disease [25]. ACSL4 
can as well promote proinflammatory cytokine produc-
tion of microglia [26]. Peroxidative stress in neurons can 
promote cognitive dysfunction through iron cell death. 
In the present study, we found that ACSL4 levels were 
elevated in the hippocampal region of young rats after 
HIR. This may be one of the main causes of remote 
organ damage after HIR.

Sevoflurane is a commonly used clinical anesthetic. 
Previous studies have shown that 1.5 MAC sevoflu-
rane inhalation for 2  h potentiated surgery impaired 
cognitive function [27]. Prolonged (6–9 h) exposure to 
high concentrations (3–4%) of sevoflurane causes neu-
roinflammation and neuronal apoptosis and leads to 
long-term cognitive impairment [28]. Exposure to sevo-
flurane increased iron content in hippocampal neurons 
compared with cells not exposed to sevoflurane [29]. 
Sevoflurane enhances oxidative stress in the neonatal 
rat brains and induces ROS production and neuronal 
cell death [30]. However, it is unknown whether sevo-
flurane can affect brain injury after liver transplantation 
in young rats by modulating ferroptosis. In the present 

Fig. 4

HIR and Sevoflurane induced an increase in serum brain damage markers. The levels of serum brain damage markers: (a) NSE and (b) S100β. 
Data were represented as the mean ± SD (n = 8, per group). *P < 0.05 vs. the sham group. #P < 0.05 and ###P < 0.001 vs. the HIR group. 
&P < 0.05 and &&&P < 0.001 vs. the HIR+Sev group. NSE, neuron-specific enolase.
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study, we found that TFRC levels and ACSL4 levels 
were elevated after sevoflurane administration, sug-
gesting that ferroptosis occurs in whole-brain regions 
of young rats after HIR and that sevoflurane aggravates 
the extent of ferroptosis.

The iron chelator deferoxamine (DFO) has been used 
in animal model studies of various intracerebral iron 
overload diseases and neurodegenerative disorders [31]. 
Administration of desferrioxamine significantly inhibited 
the iron overload-induced increase in the generation of 
age spots, increased abnormal tau protein phosphoryl-
ation, and the resulting exacerbation of cognitive dys-
function in the brain of APP/PSL transgenic mice [32]. 
In the present study, we found that TFRC and ACSL4 
levels were reduced in the brains of young mice after 
DFO administration, suggesting that DFO alleviated 
brain ferroptosis caused by HIR and sevoflurane. This 
is consistent with the findings of ferroptosis indicators 
and pathology. Moreover, the indicators of brain injury 
decreased after administration of DFO, suggesting that 
brain injury and brain ferroptosis are closely related.

The present study also has limitations, such as the small 
sample size of the rats selected, and the sample size needs 
to be expanded for further investigation in the future. In 
addition, it should be further investigated, which changes 
in intracellular ferroptosis cause neurological injury and 
whether mitochondrial cristae breakage is involved in 
neurological injury.

From the above discussion, the conclusion can be 
reached that sevoflurane increases brain injury after 
HIR by aggravating ferroptosis. Video abstract is avail-
able (see Supplementary Video, video abstraction.mp4, 
Supplemental Digital Content 1, http://links.lww.com/
WNR/A676) for more insights from the authors.
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