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A B S T R A C T

Use of the inhalation anesthetic isoflurane may increase the risk of cognitive deficiency and neurotoxicity after
birth. A growing body of evidence suggests that melatonin is an effective treatment for various types of oxidative
stress damage and neurodegenerative disease. In this study, we aimed to examine the effects of melatonin on
isoflurane-induced endoplasmic reticulum (ER) stress, spatial learning and memory impairment during devel-
opment. The rats were grouped according to whether the rats were exposed to isoflurane or a control gas and
whether they were administered melatonin or phosphate buffered saline (PBS). We administered isoflurane to 7-
day-old Sprague–Dawley rat pups with intraperitoneal injections of melatonin (20 mg/kg) 15 min before and 3 h
after the initiation of anesthesia. Twelve hours after isoflurane anesthesia, rats were randomly selected from each
group and sacrificed. The hippocampal tissue and serum were collected to determine the levels of SIRT1, Mfn2,
PERK, and other proteins or cytokines related to ER stress, apoptosis, and neuroinflammation. Subsequently, all
remaining rats were assessed for spatial learning and memory deficiency 31 days after birth using the Morris
water maze test. We found that melatonin attenuated isoflurane-induced ER stress and neuroapoptosis in the
hippocampus and decreased the level of neuroinflammatory markers in the serum of newborn rats, resulting in
improved spatial learning and memory. In addition, the neuroprotective effect of melatonin was weakened after
the SIRT1/Mfn2/PERK signaling pathway was suppressed by lentivirus transfection. Therefore, our findings
demonstrate that melatonin ameliorates spatial learning and memory impairment after isoflurane exposure, and
these beneficial effects are associated with a reduction in ER stress, neuroapoptosis, and neuroinflammation via
the SIRT1/Mfn2/PERK signaling pathway.
1. Introduction

In the past decade, isoflurane has been commonly used as an inha-
lation anesthetic during pediatric surgical procedures. Many studies have
focused on isoflurane neurotoxicity and the long-term effects on cogni-
tive dysfunction in neonates and young children [1, 2, 3]. However, the
underlying mechanisms and potential targets for countering
isoflurane-induced effects remain unknown.

Numerous studies have shown that the endoplasmic reticulum (ER1)
is an essential organelle that performs a variety of biological functions [4,
5, 6]. When harmful stimuli or stress-related changes occur, such as the
overproduction of reactive oxygen species (ROS) or elevation of intra-
cellular calcium (Ca2þ) levels, the internal ER environment is disturbed,
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altering the performance of normal physiological functions [7, 8, 9].
Consequently, ER stress results in protein synthesis deficiency and pro-
tein functional impairment, eventually leading to apoptosis [5, 10].
Protein synthesis is implicated in neurodevelopment and synaptogenesis
after birth [11, 12, 13]. Therefore, abnormal protein synthesis and
function may induce deficiency in synaptogenesis and neuro-
developmental injury [14]. Neuroapoptosis is also considered to be a
main cause of cognitive dysfunction in neurodegenerative diseases [15].
However, whether ER stress is correlated with isoflurane-induced neu-
roapoptosis and cognitive impairment during development remains
unknown.

Melatonin (N-acetyl-5-methoxytryptamine) is an amine neurohor-
mone that is secreted by the pineal gland [16]. Melatonin possesses
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potent anti-oxidative, anti-inflammatory, and anti-apoptotic properties
[14, 17, 18]. Furthermore, melatonin plays an important role in
ameliorating cognitive dysfunction and protecting against neurodegen-
erative diseases such as Alzheimer's and Parkinson's disease [19, 20].
Recent research has shown that melatonin ameliorates cognitive
impairment in chronic cerebral hypoperfusion, and that these beneficial
effects are associated with a reduction in oxidative stress, ER stress, and
apoptosis [21]. Previous studies have indicated that melatonin
pre-treatment inhibits a decrease in sirtuin 1 (SIRT1) expression and
circumvent the occurrence of ER stress in neonatal rats after ischemia and
hypoxia [22]. Previously, we found that SIRT1, which is involved in
isoflurane-induced neurotoxicity and cognitive dysfunction, was down-
regulated in the hippocampi of newborn rats [23]. In the present study,
Figure 1. Pretreatment with melatonin improved spatial learning and memory impa
tests. Isoflurane or drug treatment was performed 7 days after birth. MWMwas perfor
during the probe test of MWM (T: platform quadrant; L: left of platform quadrant; O:
162.316, P ¼ 0.431; Group: F(3,27) ¼ 0.949, P < 0.001; Interaction: F(9,81) ¼ 7.986, P <

F(4,36) ¼ 227.969, P < 0.001; Group: F(3,27) ¼ 48.628, P < 0.001; Interaction: F(12,108)
M. (D) Escape latency in the Morris water maze plotted against the training days (Tim
F(12,108) ¼ 1.358, P < 0.001). *denotes p < 0.05, **denotes p < 0.01, Con vs Iso. #d
times during probe trial of MWM test (F(3, 36) ¼ 5.157, P < 0.05). (F) Representative
group. Data were presented as mean � SEM (n ¼ 10). Two-way repeated measures
comparing the two groups under each end of the capped line.
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we aimed to investigate the potential protective effects of melatonin on
ER stress and spatial learning and memory deficiency in developing rats
after isoflurane-induced anesthesia. Further, we aimed to explore the
underlying mechanism of action of melatonin as it relates to countering
the neurotoxic effects of isoflurane.

2. Materials and method

2.1. Animals

Male and female Sprague–Dawley (SD) rats, weighing 220–250g,
were obtained from the Laboratory Animal Center of Tongji Medical
College, Huazhong University of Science and Technology (Wuhan,
irment after isoflurane exposure. (A) The schedule of four groups and behavioral
med on day 31–35 after birth. (B) The analysis of the time spent in each quadrant
opposite to platform quadrant; R: right of platform quadrant. Quadrant: F(3,27) ¼
0.001). (C) Escape path length in MWM plotted against the training days (Time:
¼ 2.4, P ¼ 0.009). *denotes p < 0.05, Con vs Iso. #denotes p < 0.05, Iso vs Iso þ
e: F(4,36) ¼ 152.546, P < 0.001; Group: F(3,27) ¼ 34.765, P < 0.001; Interaction:
enotes p < 0.05, ##denotes p < 0.01, Iso vs Iso þ M. (E) The platform crossing
swim paths obtained during trial 3 (session 4) from rats in the four experimental
ANOVA followed by a by post-hoc Tukey test (n ¼ 10). *denotes p < 0.05 when
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China). All the rats had ad libitum access to food and water and were
housed under a 12-h light/dark cycle in standard laboratory conditions.
Male and female rats were mated to induce pregnancy. Pregnant rats
were reared separately until the pups were born. The procedures for
animal experiments were performed in accordance with the National
Research Council's Guide for the Care and Use of Laboratory Animals.
The Experimental Animal Committee of Tongji Hospital, Tongji Medical
College, Huazhong University of Science and Technology approved the
experimental protocols.

2.2. Experimental and treatment groups

At the end of gestation, 7-day-old SD rat pups, weighing 20–25 g,
were randomly selected and divided into four groups: Group Con— pups
were exposed to a control gas for 6 h and an intraperitoneal (IP) injection
of 100 μL PBS was administered 15 min before and 3 h after the start of
control gas exposure; Group Iso— pups were exposed to 1.8% isoflurane
for 6 h, and IP PBS (100 μL) was administered 15 min before and 3 h after
the start of isoflurane exposure; Group Iso þ M — pups were exposed to
1.8% isoflurane for 6 h, and IP melatonin (20 mg/kg) was administered
15 min before and 3 h after the start of isoflurane exposure [18]; and
Group M — pups were exposed to the control gas for 6 h, and IP mela-
tonin (20 mg/kg) was administered 15 min before and 3 h after the start
of control gas exposure. Figure 1A shows the experimental design.

2.3. Isoflurane exposure

The size of the isoflurane anesthesia box was 20 cm� 20 cm� 10 cm.
The box was placed in a homoeothermic incubator, and the temperature
was maintained at 37 �C. The 7-day-old rats were exposed to 1.8% iso-
flurane (RWD Life Science, Guangdong, China) flushed with 60% oxygen
or control gas (60% oxygen, balanced with air) for 6 h in the anesthesia
box. During isoflurane anesthesia, an infrared probe (OhmedaS/5
Compact, Datex-Ohmeda, Louisville, CO, USA) was used to detect the
isoflurane, oxygen, and carbon dioxide concentrations.

2.4. Blood gas analysis

After the 6 h period of 1.8% isoflurane exposure, five rats from each
group were randomly selected for blood gas analysis. A 100 μL blood
sample was collected from the heart to determine the blood pH, arterial
oxygen level, carbon dioxide tension, base excess, and blood glucose
level using a blood gas analyzer (Kent Scientific Corp., Torrington, CT,
USA).

2.5. Morris water maze (MWM) test

The MWM test was performed as described previously [23].
Twenty-two days after birth, the pups were separated from the mother
rats. Ten rats were randomly selected from each group for the MWM test.
Training for the MWM test began on 31 days after birth (D31). The pups
were subjected to three training trials per day for five consecutive days.
On the fifth day of training, the probe trial was performed 1 h after the
training was completed. We recorded and analyzed the escape path
length, time spent in each quadrant, escape latency, and platform
crossings.

2.6. Western blot analysis

Western blotting was performed according to previously published
protocols [23]. Twelve hours after isoflurane anesthesia, six rats were
randomly selected from each group for Western blot analysis. The rats
were anesthetized with an IP injection of 0.1 mL 10% pentobarbital.
Quickly, the rats were placed in the supine position on a hypothermic
operating table and decapitated. The skull was cut open, and the hip-
pocampus was dissected from the exposed brain tissue. The hippocampus
3

was homogenized in RIPA lysis and extraction 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. The samples were then
centrifuged for 15 min at 4 �C, and the supernatant was collected. A
bicinchoninic acid protein assay kit (Boster, Wuhan, China) was used to
quantify the protein content of the supernatant. The samples were
separated using 10% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and transferred to polyvinylidene fluoride membranes (Mil-
lipore, Bedford, MA, USA). The bands were blocked with 5% bovine
serum albumin in TBST (0.1%Tween 20 in Tris-buffered saline) for 1 h.
The membrane was incubated with the primary antibodies overnight at 4
�C. The primary antibodies included the following: mouse anti-β-actin
(1:2000; Qidongzi, Wuhan, China), mouse anti-SIRT1 (1:500; Cell
Signaling Technology, Danvers, MA, USA), rabbit anti-mitofusin 2
(Mfn2) (1:1000; Cell Signaling Technology, Danvers, MA, USA), rabbit
anti-protein kinase RNA-like ER kinase (PERK) (1:500; Affinity Bio-
sciences, OH, USA), rabbit anti- C/EBP homologues protein (CHOP)
(1:500; Affinity Biosciences, OH, USA), rabbit anti-78 kDa glucose
regulated protein (GRP78) (1:500; Affinity Biosciences, OH, USA), rabbit
anti-activating transcription factor 4 (ATF4) (1:500; Affinity Biosciences,
OH, USA), rabbit anti-cysteine containing aspartate specific protease 12
(caspase 12) (1:500; Proteintech North America, IL, USA), rabbit
anti-Bcl-2-associated X protein (Bax) (1:500; Proteintech North America,
IL, USA), rabbit anti-post-synaptic density protein 95 (PSD95) (1:1000;
Cell Signaling Technology, Danvers, MA, USA), rabbit anti-B-cell lym-
phoma-2 (Bcl-2) (1:500; Cell Signaling Technology, Danvers, MA, USA),
and rabbit anti-cleaved-cysteine containing aspartate specific protease 3
(cleaved-caspase 3). The bands were then washed with TBST and incu-
bated with horseradish peroxidase-conjugated goat anti-mouse or
anti-rabbit immunoglobulin G (IgG) secondary antibodies (1:5000;
Qidongzi, Wuhan, China) for 2 h at 37 �C. The bands were visualized and
quantified using enhanced chemiluminescence reagents (Thermo Scien-
tific, Waltham, MA, USA) and a ChemiDocXRS chemiluminescence im-
aging system (Bio-Rad, Hercules, CA, USA). The experiments were
repeated at least three times.

2.7. Immunofluorescence

Brain tissue specimens were cut in the transverse plane and prepared
as paraffin-embedded sections. For immunofluorescence examination,
the sections were incubated overnight at 4 �C with mouse anti-cleaved-
caspase 3 (1:100; Affinity Biosciences, OH, USA) and rabbit anti-
caspase 12 (1:200; Proteintech North America, IL, USA) primary anti-
bodies. The sections were washed three times and incubated with the
following biotinylated secondary antibodies: FITC-conjugated AffiniPure
goat anti-rabbit IgG (1:200, BOSTER, Wuhan, China) and CY3-
conjugated AffiniPure goat anti-mouse IgG (1:200, BOSTER, Wuhan,
China). The nuclei were stained with DAPI (BOSTER, Wuhan, China).
Fluorescence images were acquired using an Olympus BX53 fluorescence
microscope (Olympus Corporation, Tokyo, Japan). Finally, anti-
gen–antibody reactions were developed using diaminobenzidine. The
Image-Pro Plus software (Media Cybernetics, Silver Spring, MD, USA)
was used for semiquantitative analysis.

2.8. ELISA

Rat interleukin-6 (IL-6), interleukin-1β (IL-1β), interleukin-10 (IL-10),
and tumor necrosis factor-α (TNF-α) ELISA kits were purchased from
MDL Biotech (Beijing, China). The protocol was followed as per the
manufacturer's instructions. Six rats were randomly selected from each
group for ELISA analysis. Serum was collected from whole-heart blood
samples after centrifugation at 3,000 � g for 10 min. The hippocampal
tissue samples were homogenized in saline, and the homogenate was
centrifuged for 10 min at 2500 rpm at 4 �C to obtain the supernatant.
Sample (10 μL) and dilution buffer (60 μL) was added to the wells, fol-
lowed by incubation at room temperature for 60 min. The plates were
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washed, zymolytes were added to the wells, and the absorbance was
measured on a spectrophotometer at 450 nm. The protein concentrations
were calculated relative to the amount of standard protein in each
sample.
2.9. Co-immunoprecipitation

Co-immunoprecipitation experiments were performed using the
Pierce Co-Immunoprecipitation Kit (Thermo Scientific). The protocol
was followed as per the manufacturer's instructions. Immunoprecipita-
tion was performed using the prescribed antibodies (i.e., rabbit anti-
Mfn2, 1:1000; Cell Signaling Technology, Danvers, MA, USA), followed
by immunoblotting.
2.10. Primary hippocampal neuron culture

Newborn Sprague–Dawley pups (0–24 h old) were obtained from the
Laboratory Animal Center of Tongji Medical College, Huazhong Uni-
versity of Science and Technology (Wuhan, China). Primary hippocampal
neuronal cultures were produced as previously described. Briefly,
hippocampi were digested with 0.125% trypsin for 15 min at 37 �C, and
the cells were seeded into 6-well plates with DMEM/F12medium (Gibco,
Waltham, USA) containing 10% fetal bovine serum (Gibco, Waltham,
USA). The 6-well plates were coated with Poly-L-Lysine (Sigma, MO,
USA). The density of primary hippocampal neurons was 5�105 cells/
well. After 4 h of incubation, the medium was replaced with a solution of
Neurobasal A neuronal medium (Gibco, Waltham, USA), 2% B27 (Gibco,
Waltham, USA), 1% glutamine (Gibco, Waltham, USA), and 1% peni-
cillin/streptomycin (Gibco, Waltham, USA).
2.11. Lentiviral transfection

For the lentiviral transfection, we obtained and cultured the primary
hippocampal neurons as described in section 2.10. The primary hippo-
campal neurons were seeded into 12-well plates at a density of 2.5�105

cells/well. The titers of SIRT1 and Mfn2 siRNA were both 2�105 TU/μL.
On the third day of cell culture, the medium was discarded and 500 μL
enhanced infection (ENi) solution, 5 μL polybrene, and 25 μL SIRT1 or
Mfn2 siRNA housed in lentiviral vectors was added to the wells. The plate
was placed in an incubator at 37 �C for 12 h. The liquid in the wells was
then removed and replaced with neuronal medium containing Neuro-
basal A (Gibco, Waltham, USA), 2% B27 (Gibco, Waltham, USA), 1%
glutamine (Gibco, Waltham, USA), and 1% penicillin/streptomycin so-
lution (Gibco, Waltham, USA).
2.12. Statistical analysis

All data are presented as mean � SEM and were analyzed using SPSS
Statistics for Windows, version 17.0 (SPSS Inc., Chicago, Ill., USA). A
two-way repeat ANOVA (treatment and time) was used to analyze the
escape path length and escape latency in the MWM test. Other data were
analyzed using one-way ANOVA followed by the post-hoc Tukey's test.
The level of significance was set at p < 0.05.
Table 1. Effects of isoflurane exposure on physiological parameters of arterial blood g
0.247, P¼ 0.863), PaO2 (F(3, 20)¼ 0.049, P¼ 0.985), glucose (F(3, 20) ¼ 0.071, P¼ 0.97
the four groups. Data are presented as mean � SEM (n ¼ 6). PaO2, arterial oxygen te

Con Iso

pH 7.28 � 0.07 7.36

PaCO2 (mmHg) 37.68 � 3.55 34.57

PaO2 (mmHg) 105.60 � 8.12 103.3

Blood glucose (mmol/L) 4.23 � 0.82 4.36

SaO2 (%) 99 � 0.72 99 �
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3. Results

3.1. Physiological parameters

In blood gas test, the parameters of pH, PaCO2, PaO2, glucose, and
SaO 2 were within the normal range. There were no significant between-
group differences in the recorded physiological parameters (p > 0.05;
Table 1).
3.2. Pretreatment with melatonin improved spatial learning and memory
impairment after isoflurane exposure

The MWM was used to estimate spatial learning and memory in 31-
day-old SD rats from the isoflurane exposure groups (i.e., D24 after iso-
flurane exposure). Isoflurane exposure impaired spatial learning and
memory, indicated by less time spent in the target quarter (Figure 1B),
increased escape path length (Figure 1C), and longer escape latency
(Figure 1D) compared with that of the Con group. However, melatonin
pretreatment ameliorated the dysfunction of spatial learning and mem-
ory induced by isoflurane exposure. Rats that were pretreated with
melatonin spent more time in the target quarter (Figure 1B), had shorter
travel distances (Figure 1C), and lower escape latencies (Figure 1D)
compared with rats in Group Iso.

In the probe trial tests in rats from Group Iso, platform crossing
decreased compared with in rats from Group Con. In support of our hy-
pothesis, melatonin pretreatment improved isoflurane-induced spatial
learning and memory impairment in juvenile rats. The results revealed
that the number of platform crossings increased in the Iso þ M group
compared with that in the Iso group (Figure 1E). The representative swim
paths obtained during trial 3 (session 4) from rats in four experimental
groups (Figure 1F).
3.3. Melatonin ameliorated isoflurane-induced reduction of SIRT1 and
Mfn2

Our results demonstrated that isoflurane decreased the expression of
SIRT1 and Mfn2 12 h after isoflurane exposure. Western blot results
showed (Figure 2A) that pretreatment with 20 mg/kg melatonin allevi-
ated the isoflurane-induced reduction of SIRT1 and Mfn2 in neonatal rats
(Figure 2B and C).
3.4. Melatonin ameliorated isoflurane-induced ER stress

Previous studies have demonstrated that Mfn2 regulates the ER stress
response and cellular metabolism. ER stress leads to a series of patho-
logical changes, such as those seen in neurodegenerative and metabolic
diseases [24]. In this study, we found that isoflurane also reduced Mfn2
expression in neonatal rats. Therefore, we evaluated isoflurane-induced
hippocampal ER stress and the mitigating effects of melatonin using
western blotting (Figure 2D). We found that isoflurane increased the
expression of CHOP, PERK, caspase 12, GRP78, and ATF4 in the hippo-
campi of neonatal rats, and these increases were reversed by melatonin
pretreatment (Figure 2E to I).
as analysis in neonatal rats. The pH (F(3, 20) ¼ 0.465, P ¼ 0.710), PaCO2 (F(3, 20) ¼
5) and SaO2 (F(3, 20)¼ 1.000, P¼ 0.413) levels did not differ significantly among
nsion; PaCO2, arterial carbon dioxide tension; SaO2, arterial oxygen saturation.

Iso þ M M

� 0.04 7.32 � 0.05 7.31 � 0.02

� 4.01 35.89 � 3.89 39.02 � 4.32

7 � 7.67 107.14 � 6.89 106.63 � 7.41

� 0.77 4.13 � 0.58 3.94 � 0.52

0.97 99 � 0.46 99 � 0.53



Figure 2. Melatonin ameliorated isoflurane-induced reduction of SIRT1 and Mfn2 and ER stress in hippocampus of new born rats. (A) Western blot bands of SIRT1
and Mfn2 in the hippocampus. (B) Hippocampal SIRT1 expression decreased after isoflurane exposure. Administration of melatonin significantly attenuated isoflurane-
induced decrease in hippocampal SIRT1 expression in neonatal rats (F(3, 20) ¼ 21.830, P < 0.001). (C) Hippocampal Mfn2 expression decreased after isoflurane
exposure. Administration of melatonin significantly attenuated isoflurane-induced decrease in hippocampal Mfn2 expression in neonatal rats (F(3, 20) ¼ 122.900, P <

0.001). (D) Western blot bands of endoplasmic reticulum stress signaling in the hippocampus. (E) Administration of melatonin significantly reduced isoflurane induced
increase of endoplasmic reticulum stress marker protein CHOP expression in hippocampus of neonatal rats (F(3, 20) ¼ 28.890, P < 0.001). (F) Administration of
melatonin significantly reduced isoflurane induced increase of endoplasmic reticulum stress marker protein PERK expression in hippocampus of neonatal rats (F(3, 20)
¼ 18.690, P < 0.001). (G) Administration of melatonin significantly reduced isoflurane induced increase of endoplasmic reticulum stress marker protein caspase 12
expression in hippocampus of neonatal rats (F(3, 20) ¼ 26.990, P < 0.001). (H) Administration of melatonin significantly reduced isoflurane induced increase of
endoplasmic reticulum stress marker protein GRP78 expression in hippocampus of neonatal rats (F(3, 20) ¼ 26.010, P < 0.001). (I) Administration of melatonin
significantly reduced isoflurane induced increase of endoplasmic reticulum stress marker protein ATF4 expression in hippocampus of neonatal rats (F(3, 20) ¼ 32.240, P
< 0.001). Data were presented as mean � SEM (n ¼ 6). *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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3.5. Melatonin mitigated isoflurane-induced hippocampal neuro apoptosis
and synaptogenesis obstacle in neonatal rats

Next, we determined whether melatonin confers neuroprotective ef-
fects in the hippocampi of neonates after isoflurane exposure using
western blotting. As shown in Figure 3A, isoflurane increased the
expression of the pro-apoptotic factors Bax (Figure 3B) and cleaved-
caspase 3 (Figure 3C), while the expression of the anti-apoptotic factor
Bcl-2 was decreased (Figure 3D). However, melatonin mitigated the
isoflurane-induced changes in Bax, cleaved-caspase 3, and Bcl-2 expres-
sion, thereby circumventing apoptosis in the hippocampal neurons. Iso-
flurane also decreased PSD95 expression in the hippocampi of neonatal
rats, but this was reversed by melatonin pre-treatment (Figure 3E). We
further explored the relationship between ER stress and neuronal
apoptosis using immunofluorescence. Cleaved-caspase 3 and caspase 12
were simultaneously labeled for immunofluorescence analysis. Figure 3F
shows that ER stress and neuronal apoptosis occurred concurrently in the
hippocampal neurons, especially after isoflurane exposure.
5

3.6. Melatonin alleviated isoflurane-induced hippocampal
neuroinflammation in neonatal rats

Studies have shown that neuroinflammation induced by isoflurane is
associated with creating obstacles for synaptogenesis in neonatal rats,
thereby causing learning and memory dysfunction as the rats become ju-
veniles [25]. Melatonin is an anti-inflammatory and anti-oxidative stress
neurohormone, and we evaluated whether melatonin could reverse
isoflurane-induced neuroinflammation in neonatal rats using ELISA ana-
lyses. We found that isoflurane exposure increased the levels of IL-1β,
IL-10, and TNF-α in the hippocampus, whereas melatonin effectively
reversed the increase in these inflammatory factors (Figure 4B-D). More-
over, isoflurane exposure increased the levels of IL-1β and IL-10 in serum
(Figure 4F and G), but not TNF-α (Figure 4H). Melatonin also effectively
reversed the increase of IL-1β and IL-10 in serum (Figure 4F-G). In addi-
tion, melatonin reduced TNF-α level in serum compared with Iso group
(Figure 4H). However, there were no differences in hippocampal and
serum IL-6 levels among the four groups (Figure 4A and E).



Figure 3. Melatonin mitigated isoflurane-induced hippocampal neuro apoptosis in neonatal rats. (A) Western blot bands of apoptosis signaling in the hippocampus.
(B) The treatment of melatonin significantly reduced isoflurane induced increase of pro-apoptosis factor Bax expression in hippocampus of neonatal rats (F(3, 20) ¼
71.360, P < 0.001). (C) The treatment of melatonin significantly reduced isoflurane induced decrease of anti-apoptosis factor Bcl-2 expression in hippocampus of
neonatal rats (F(3, 20) ¼ 9.573, P < 0.001). (D) The treatment of melatonin significantly reduced isoflurane induced increase of pro-apoptosis factor cleaved-caspase 3
expression in hippocampus of neonatal rats (F(3, 20) ¼ 19.910, P < 0.001). (E) The treatment of melatonin significantly increase isoflurane induced decrease of synaptic
protein PSD95 expression in hippocampus of neonatal rats (F(3, 20) ¼ 73.790, P < 0.001) (F) Immunofluorescence results of cleaved-caspase 3 and caspase 12 in
hippocampus of all four groups rats. Expressions of cleaved-caspase 3 and caspase 12 in all four groups were presented through bar graphs: (G) for cleaved-caspase 3
(F(3, 20) ¼ 109.100, P < 0.001) and (H) for caspase 12 (F(3, 20) ¼ 105.200, P < 0.001). Data were presented as mean � SEM (n ¼ 6). *denotes p < 0.05, **denotes p <

0.01, ***denotes p < 0.001 when comparing the two groups under each end of the capped line. Scale bar ¼ 500 μm.

Figure 4. Melatonin alleviated isoflurane-induced neuroinflammation in hippocampus and serum of neonatal rats. Interleukin (IL)-6 level in the hippocampus (F(3, 20)
¼ 1.639, P ¼ 0.212) (A) and serum (F(3, 20) ¼ 0.890, P ¼ 0.463) (E). IL-1β level in the hippocampus (F(3, 20) ¼ 11.000, P ¼ 0.001) (B) and serum (F(3, 20) ¼ 15.420, P <

0.001) (F). IL-10 level in the hippocampus (F(3, 20) ¼ 17.110, P < 0.001) (C) and serum (F(3, 20) ¼ 17.520, P < 0.001) (G). TNF-α level in the hippocampus (F(3, 20) ¼
8.695, P < 0.001) (D) and serum (F(3, 20) ¼ 4.206, P ¼ 0.019) (H). Data were presented as mean � SEM (n ¼ 6). *denotes p < 0.05, **denotes p < 0.01, ***denotes p <
0.001, NS denotes not significant when comparing the two groups under each end of the capped line.

X. Fang et al. Heliyon 8 (2022) e10326
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3.7. Melatonin played a neuroprotective role after isoflurane anesthesia in
neonatal rats, and the effect was mediated by the SIRT1/Mfn2/PERK
signaling pathway

According to our results, melatonin upregulated SIRT1 and Mfn2
expression, decreased PERK expression, and exerted neuroprotective ef-
fects on neonatal hippocampal tissue that had been exposed to isoflurane.
Figure 5. The protective effect of melatonin after isoflurane exposure was mediated b
and PERK presented with Co-IP. Mfn2 was immunoprecipitated protein. SIRT1 and PE
expression (F(2,15) ¼ 26.860, P < 0.001). (C) A graph representative of RT-PCR of M
SIRT1, Mfn2 and PERK expression after treatment with SIRT1 siRNA interference len
SIRT1 siRNA interference lentivirus and melatonin. (F) Mfn2 expression (F(3, 20) ¼ 9
melatonin. (G) PERK expression (F(3, 20) ¼ 28.910, P < 0.01) after treatment with SIR
and PERK expression after treatment with Mfn2 siRNA interference lentivirus. (I) M
interference lentivirus and melatonin. (J) PERK expression (F(3, 20) ¼ 41.720, P <

siSIRT1: primary hippocampal neuron with SIRT1 siRNA interference lentivirus grou
lentivirus group; siMfn2: primary hippocampal neuron with Mfn2 siRNA interference
interference lentivirus group; Iso þ M þ siSIRT1: primary hippocampal neuron with S
received isoflurane exposure group; Iso þ M þ siMfn2: primary hippocampal neuron
then received isoflurane exposure group; Data were presented as mean � SEM (n ¼ 6
the two groups under each end of the capped line.
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Therefore, we further investigated the roles and relationships of SIRT1,
Mfn2, and PERK in melatonin-induced neuroprotection following iso-
flurane exposure.

First, we examined the relationship between SIRT1, Mfn2, and PERK
by co-immunoprecipitation. The co-immunoprecipitation results showed
that there was an interactive relationship between SIRT1, Mfn2, and
PERK in the hippocampi of neonatal rats (Figure 5A). We then
y the SIRT1/Mfn2/PERK signaling pathway. (A) The relationship of SIRT1, Mfn2
RK were detected protein. (B) A graph representative of RT-PCR of SIRT1 mRNA
fn2 mRNA expression (F(2,15) ¼ 77.670, P < 0.001). (D) Western blot bands of
tivirus. (E) SIRT1 expression (F(3, 20) ¼ 35.840, P < 0.001) after treatment with
.076, P < 0.001) after treatment with SIRT1 siRNA interference lentivirus and
T1 siRNA interference lentivirus and melatonin. (H) Western blot bands of Mfn2
fn2 expression (F(3, 20) ¼ 23.500, P < 0.001) after treatment with Mfn2 siRNA
0.001) after treatment with Mfn2 siRNA interference lentivirus and melatonin.
p; ncSIRT1: primary hippocampal neuron with control null siRNA interference
lentivirus group; ncMfn2: primary hippocampal neuron with control null siRNA
IRT1 siRNA interference lentivirus and pre-treatment with 5mM melatonin then
with Mfn2 siRNA interference lentivirus and pre-treatment with 5mM melatonin
). *denotes p < 0.05, **denotes p < 0.01, ***denotes p < 0.001 when comparing
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downregulated SIRT1 expression using lentiviral-delivered SIRT1 siRNA
in primary hippocampal neurons. The SIRT1 siRNA effectively inhibited
the production of SIRT1 mRNA (Figure 5B). Further, western blotting
(Figure 5D) demonstrated that isoflurane decreased SIRT1 (Figure 5E)
and Mfn2 (Figure 5F) protein expression and increased PERK (Figure 5G)
protein expression. However, pre-treatment with 5 mM melatonin alle-
viated the isoflurane-induced decrease in SIRT1 andMfn2 expression and
increase in PERK expression in primary hippocampal neurons
(Figure 5D). The effect of pre-treatment with 5 mM melatonin on SIRT
(Figure 5E), Mfn2 (Figure 5F), and PERK (Figure 5G) expression in pri-
mary hippocampal neurons was weakened after SIRT1 siRNA lentivirus
transfection.

Next, we downregulated Mfn2 expression in primary hippocampal
neurons using lentiviral-delivered Mfn2 siRNA. The results showed that
the Mfn2 siRNA effectively inhibited Mfn2 mRNA production
(Figure 5C). Western blotting (Figure 5H) demonstrated that isoflurane
decreased Mfn2 (Figure 5I) and increased PERK (Figure 5J) protein
expression. However, pre-treatment with 5 mM melatonin suppressed
the changes in protein expression in the primary hippocampal neurons
after isoflurane exposure (Figure 5H). The effect of pre-treatment with 5
mM melatonin on Mfn2 (Figure 5I) and PERK (Figure 5J) expression in
primary hippocampal neurons was weakened after Mfn2 siRNA lentivirus
transfection.

4. Discussion

To the best of our knowledge, this is the first study demonstrating that
melatonin pre-treatment alleviates isoflurane-induced neurotoxicity and
ER stress in newborn rats. We have also shown that melatonin pre-
treatment improves hippocampal-dependent learning and memory
dysfunction after isoflurane exposure in juvenile rats. Furthermore, we
found that the protective effect of melatonin after isoflurane exposure
may be mediated by the SIRT1/Mfn2/PERK signaling pathway.

Studies have shown that melatonin pre-treatment inhibits the sup-
pression of SIRT1 expression and ameliorates ER stress in neonatal rats
after ischemia and hypoxia [22]. Our previous research has shown that
isoflurane reduces SIRT1 expression in new born rats, leading to devel-
opmental learning and memory impairment in juveniles [23]. We pro-
posed that melatonin may play a protective role after isoflurane exposure
in developing rats, thereby alleviating symptoms of learning and memory
impairment. Previously, we showed that isoflurane reduced the expres-
sion of SIRT1 in newborn rats in a time-dependent manner, and SIRT1
expression was lowest 12 h after isoflurane exposure [23]. Based on our
previous findings, we opted to measure SIRT1 expression 12 h after
isoflurane exposure. The present study supports our proposition in that
melatonin reversed the isoflurane-induced downregulation of SIRT1 in
neonatal rats. However, in some results, the 20 mg/kg dose of melatonin
provided a greater improving effect than control group because it is a
high protective dose in anesthesia-induced neurodegeneration according
to Yon JH et al [18]. The effects of other doses of melatonin will ad-
ministrate in our future studies.

Mfn2 is a GTPase protein located in the outer membrane of mito-
chondria [26]. Mfn2 has an important function in the mitochondrial
fusion process and participates in the functional connection between
mitochondria and ER [27, 28, 29]. Studies have shown that the neuro-
protective effect of SIRT1 in cerebral ischemia-reperfusion injury is
related to the deacetylation of Mfn2 [27,30]. Mfn2 knockout resulted in
the inhibition of SIRT1-regulated cell protection and maintenance of
mitochondrial homeostasis after ischemia-reperfusion injury [31, 32].
Similarly, a lack of Mfn2 expression induces ER overexpansion or frag-
mentation, which activates the unfolded protein response, resulting in ER
stress [33]. In contrast, the restoration of Mfn2 expression in
Mfn2-deficient cells alleviates ER morphological changes and dysfunc-
tionality induced by ER stress [17, 34, 35]. Therefore, we hypothesized
that isoflurane-induced neurotoxicity in neonatal rats was related to
changes in the expression of SIRT1 and Mfn2 in the hippocampi. The
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results of the present study showed that the expression of Mfn2 in the
hippocampi of rat pups was significantly reduced after isoflurane treat-
ment, indicating that Mfn2 may be a target of isoflurane-induced
neurotoxicity in the developing brain.

Although Mfn2 is closely involved in ER functionality, whether
isoflurane-induced changes to Mfn2 expression cause ER stress remains
unknown. We then tested the expression of the ER stress marker proteins
PERK, GRP78, ATF4, CHOP, and caspase 12 in the hippocampi of
neonatal rats after isoflurane treatment. PERK, ATF6, and inositol-
requiring enzyme 1 (IRE1) are the three main receptor molecules that
activate CHOP during ER stress [36]. CHOP is a member of the CCAA-
T/enhancer binding protein family, and changes in CHOP expression
directly affect the balance between proapoptotic and antiapoptotic sig-
nals [37]. The upregulation and downregulation of CHOP expression
results in the activation of proapoptotic and antiapoptotic proteins,
respectively [38, 39, 40]. During ER stress, caspase 12 activation is also a
proapoptotic signal and is involved in neuronal apoptosis in neurode-
generative diseases [37]. Increases in caspase 12 expression in the hip-
pocampal tissue in Alzheimer's disease effectively alleviates the
production of amyloid beta and reduces neuronal apoptosis [4]. In our
study, we found that isoflurane-induced ER stress may lead to dysfunc-
tions in synaptogenesis and induce neuronal apoptosis in the developing
brain. Melatonin pre-treatment alleviated isoflurane-induced ER stress
and attenuated dysfunctional synaptogenesis and neuronal apoptosis in
this study. Therefore, our results suggest that isoflurane-induced ER
stress is related to neuronal apoptosis and learning and memory
impairment in developing rats.

As risk factors for neurodegenerative diseases, neuroinflammatory
responses are closely associated with cognitive dysfunction, neuronal
damage, and apoptosis [15]. With disease progression, the over-
expression of pro-inflammatory cytokines, such as TNF-α, IL-1β, and IL-6,
results in neurodegeneration and cognitive impairment. In contrast,
anti-inflammatory cytokines are significantly downregulated in neuro-
degenerative diseases [41]. However, our results showed that the level of
the anti-inflammatory cytokine IL-10 increased after isoflurane anes-
thesia, and the level of the pro-inflammatory cytokine IL-6 remained
unchanged. The reasons for this discrepancy may be the different time
points of tissue collection and the different ELISA kits used.

Furthermore, lentiviral transfection of siRNA was performed in pri-
mary hippocampal neurons in vitro to verify the protective mechanism of
melatonin. In the present study, the lentiviral delivery of SIRT1 andMfn2
siRNA decreased the melatonin-induced upregulation of SIRT1 and Mfn2
and downregulation of PERK. This suggests that the neuroprotective
function of melatonin after isoflurane exposure may be associated with
the SIRT1/Mfn2/PERK signaling pathway. However whether other ER
stress-related marker proteins and signaling pathways, such as ATF6 and
IRE1, were involved in the protective effect requires further
investigation.

Taken together, our findings demonstrate that melatonin alleviates
isoflurane-induced ER stress and improves symptoms of learning and
memory deficiency in juvenile rats. Therefore, melatonin provides a
protective effect on hippocampal neurons after isoflurane exposure in
neonatal rats following neonatal exposure to isoflurane, and the neuro-
protective effect may be associated with the SIRT1/Mfn2/PERK signaling
pathway. Melatonin may be a promising novel therapeutic agent for
reducing ER stress and learning and memory deficiency after exposure to
isoflurane during neonatal and developmental stages.
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