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Rutin ameliorates sevoflurane-
induced neurotoxicity by inhibiting
microglial synaptic phagocytosis
through the complement pathway

Xinyu Tian%%, Miaomiao Xiong®®, Zhiguo Jiang?, Rong Hong* & Honghua Wang®%-5>*
Repeated neonatal exposure to sevoflurane may impair synapses and lead to developmental
neurobehavioral issues. In this study, we assessed the therapeutic effects of rutin on sevoflurane-
induced neurotoxicity. The mice were exposed to 3% sevoflurane for 2 h daily on postnatal days (PNDs)
6, 8, and 10. The Morris water maze was used and an open field test was performed to assess the
memory and anxiety-like behavior of the mice on PNDs 37-42. The effects of rutin on the complement
cascade and microglial synaptic elimination in the hippocampus of mice were validated by Western
blotting, real-time RT qPCR, morphological analysis, and immunohistochemistry examinations.

The results showed that rutin effectively alleviated cognitive dysfunction and synaptic impairment

in sevoflurane-treated mice. By decreasing microglial activation, rutin switched microglia from the
ameboid phenotype to the ramified phenotype and decreased the phagocytic properties of microglia.
Rutin treatment also rescued sevoflurane-induced synapse loss by preventing microglial synaptic
engulfment through complements C1q and C3; this effect could be reversed by an extra C3 supplement.
Our findings demonstrated that rutin could alleviate synapse loss and cognitive dysfunction in
sevoflurane-treated mice by inhibiting complement-dependent microglial synapse phagocytosis. This
provides a promising strategy for the prevention of sevoflurane-induced developmental neurotoxicity.
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Anesthetic-induced developmental neurotoxicity is prevalent. During the early postnatal and childhood
periods, a critical window of sensitivity to anesthetics, and exposure to general anesthesia may trigger neurotoxic
changes in the developing brain'. Clinical studies have reported a link between early-life anesthesia exposure
and neurocognitive dysfunction in adolescents, raising concerns about the safety of pediatric anesthesia®=.
Sevoflurane is an inhalational anesthetic widely administered to pediatric patients. Studies on rodents have
shown that neonatal exposure to sevoflurane has deleterious effects on the brain®-®. Synaptic impairment is an
important feature of sevoflurane-induced neurotoxicity. Sevoflurane decreases synaptic density, impairs synaptic
transmission, and suppresses long-term potentiation induction®12.

Synapses are the fundamental structures of neural circuits that control brain functions and cognitive
processes'>. During postnatal development, microglia have a crucial role in synaptic formation, maturation,
and elimination in the hippocampus, and deficient microglial synaptic engulfment results in an excess of
dendritic spines and immature synapses!*~!7. Improper microglial activation and phagocytosis may result in
neurocognitive disorders, such as Alzheimer’s disease (AD), amyotrophic lateral sclerosis, and Huntington’s
disease!®2. Microglial phagocytosis depends on the complement system, which is a core mechanism for
synaptic elimination in the developing brain?! Activation of the complement system can result in proteolytic
activation of the complement effector molecules C1q and C3, which bind to synapses and facilitate phagocytosis
via the C3 receptor on microglia?2. Recent studies reported that repeated or prolonged exposure to sevoflurane
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promoted microglial engulfment of synapses through complement Clq and contributed to synapse loss,
dendritic spine impairment, and electrophysiology damages?*~?°. Therefore, inhibition of complement cascade
may be a potential therapeutic approach to prevent sevoflurane-induced neurotoxicity.

Rutin (quercetin-3-O-rutinoside), a natural flavonoid glycoside, has different biological effects, such as
antimicrobial, anticarcinogenic, antithrombotic, and neuroprotective activities?. It also protects individuals
against memory dysfunction and depression’’?®, Rutin can attenuate isoflurane-induced hippocampal
neuroapoptosis and protect against chronic unpredictable stress-induced hippocampal neuronal loss**.
Moreover, rutin can effectively relieve oxidative stress and microglia-mediated neuroinflammation in the
hippocampus?®3!. Notably, rutin exhibits excellent anticomplement properties and suppresses complement
expression in transient middle cerebral artery occlusion rats*>%. In this study, we investigated the effects of rutin
on microglial synaptic phagocytosis and sevoflurane-induced cognitive dysfunction.

Methods

Animals

The animal study was designed and conducted by relevant guidelines and regulations, including the ARVO
statement for the use of animals in research and the ARRIVE guidelines. and was approved by the Institutional
Animal Care and Use Committee of Nanjing University. C57BL/6] mice were sourced from Nanjing University
(Nanjing, China) and were maintained in a controlled environment (12-h/12-h light/dark cycle, 21-22 °C, and
55% relative humidity) with food and water available ad libitum. Male mice were specifically chosen for the
experiments. All procedures followed the Guide for the Care and Use of Laboratory Animals, outlined by Nanjing
University (approved number: 2022AE01012). The sample size was determined based on another study?.

Repeated neonatal Sevoflurane exposure and treatment

The neonatal mice were assigned randomly to either the sevoflurane group or the control group. The mice in the
sevoflurane group were exposed to a mixture of 3% sevoflurane and 60% oxygen for 2 h on postnatal days 6, 8,
and 10. The mice in the control group were exposed to 60% oxygen for the same duration. The concentrations of
sevoflurane and oxygen were continuously supervised using a Vamos system (Drager Medical, Germany), and
the mice were kept warm at 37 + 1 °C on a heating pad. After exposure, the mice were promptly returned to their
home cages and provided regular care. For drug administration, rutin (100 mg/kg, 40 pL volume) (dissolved
in phosphate-buffered saline (PBS), containing 0.1% dimethylsulfoxide (DMSO) with ultrasonication) (Yuan
Ye, China) or PBS (containing 0.1% DMSO, 40 pL volume) was intraperitoneally injected into the control and
sevoflurane-treated mice on PNDs 20-35 once every two days.

Cell culture and Sevoflurane exposure and treatment

Mouse BV2 microglia were obtained from Pricella Biotechnology (Wuhan, China, CL-0493). The cells were
maintained in Dulbeccos modified Eagle’s medium supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin at 37 C and 5% CO,. For exposure to sevoflurane, BV2 cells were seeded in six-well
plates and treated with 3% sevoflurane solution for 6 h as reported in another study’. For drug treatment, a 100
mM rutin stock solution was prepared by dissolving rutin in DMSO. Before use, this rutin stock solution was
diluted in PBS to form a 1 mM working stock. After exposure to sevoflurane, the BV2 cells were washed with
PBS, and the medium was renewed, which contained 100 uM rutin or complement C3 protein (100 pg/mL,
HY-P7863, MCE). The cells in the control group were treated with PBS (containing 0.1% DMSO) as the vehicle
control. These cells were subsequently cultured for 12 h and collected for further experiments.

CCK-8 test

BV2 cells were seeded in 96-well plates at a density of 1x 10* cells/well and cultured with rutin for 12 h. Then,
the cells were washed with PBS and cultured with a new medium containing 10 puL of CCK-8 solution (Enhanced
Cell Counting Kit-8, Cat. no. C0043, Beyotime) in each well for 2 h at 37 °C. The absorbance was measured at
450 nm using a microplate reader (PerkinElmer EnSpire, Singapore), and the relative cell viability was calculated.

In vitro assay of microglial phagocytosis

BV2 cells (1 x 10* cells/well) were seeded in confocal dishes. After sevoflurane exposure and drug treatment, the
cells were washed with PBS and cultured in a fresh medium containing fluorescent latex beads (1 pm, L2778,
Sigma) at a concentration of 30 beads per cell mixture at 37 °C for 2 h. Subsequently, the cells were washed with
PBS and fixed with 4% paraformaldehyde. Finally, images were acquired using a confocal microscope (Olympus
FV1200, Japan).

Morris water maze

The MWM test was performed to evaluate the spatial learning and memorizing ability of young mice (n=12) on
PNDs 37-42. The operator was blinded to the group assignment. The apparatus consisted of a round steel pool
(20 cm in diameter and 60 cm in height) and a platform (10 cm in diameter, 30 cm in depth). In the training
phase, the mice were trained for five consecutive days with four trials each day, and the intertrial interval was
60 min. During each trial, the mice were placed in the water from various starting points, given 60 s to locate the
hidden platform, and allowed to stay there for 15 s. If the mice failed to locate the platform within 60 s, they were
gently guided to the platform and allowed to stay there for 15 s. In the probe test, the platform was removed, and
the mice were placed in the quadrant opposite the platform and allowed to swim freely for 60 s. A video tracking
system (XR-XM101, Shanghai Xinruan Information Technology Co., Ltd.) was used to record the number of
entries, the proportion of time spent in the target quadrant, and the swimming speed for further analysis.
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Open-field test (OFT)

The OFT was performed to assess the anxiety of the mice (n=12). The open field arena was 50 x 50 x 40 cm. Each
mouse was placed near the wall, and its movement was recorded for 10 min using a SuperMaze Morris Video
analysis system (XR-XZ301, Shanghai Xinruan Information Technology Co., Ltd). The distance traveled, average
speed, and time spent in the center of the arena were calculated and analyzed.

Western blotting analysis

After conducting the behavioral tests, mice were anesthetized with 3% isoflurane, and the hippocampal tissues
(n="5 for each group) were collected and lysed with a lysis buffer (Beyotime, Jiangsu, China) containing protease
inhibitors. The protein concentration was measured by conducting a bicinchoninic acid assay (Beyotime,
Jiangsu, China). Then, 20 ug of protein was separated by SDS-PAGE and transferred onto polyvinylidene fluoride
membranes. After being blocked with 5% nonfat milk (dissolved in Tris-buffered saline-Tween) for 2 h at room
temperature, the membranes were washed and incubated with the following primary antibodies overnight at
4 °C: rabbit anti-PSD95 (Postsynaptic density protein-95, PSD95)(1:500; Cell Signaling Technology, 2507),
rabbit anti-Vglut2 (Vesicular glutamate transporter 2, Vglut2)(1:1000; Synaptic Systems, 135402), rabbit anti-
Clga (1:1000; Invitrogen, PA5-29586), rabbit anti-C3 (1:1000; Proteintech, 21337-1-AP), rabbit anti-C4 (1:2000;
Proteintech, 22233-1-AP), mouse anti-C5 (1:1500; Proteintech, 66634-1-1g), and mouse anti-p-tubulin (1:2000;
Absin, abs830032). The membranes were further incubated with horseradish peroxidase-labeled secondary
antibodies: goat anti-mouse (1:1000; Beyotime, A0216) and goat anti-rabbit (1:2000; Beyotime, A0208) for 2 h
at room temperature, and the protein expression was detected by Tanon 5200 (Tanon Science & Technology Co.
Ltd.). The results were analyzed using the Image] analysis software package (version 1.8.0), and p-tubulin was
used to normalize target protein expression.

Real-time quantitative PCR

Total RNAs were extracted from the hippocampus. Then, cDNA was synthesized, and real-time quantitative
reverse transcription-PCR was performed as described in the previous study?®. The primers used in this study
were synthesized by Sangon Biotech and their sequences are follows: mouse C1q (forward, 5'- GGA CTG GTA
TCC GAG GTT TTA A-3';reverse, 5'- GAT ATT GCC TGG ATT GCCTTT C-3’), mouse C3 (forward, 5'- AGC
TTC AGG GTC CCA GCT AC-3'; reverse, 5'- TCT CCA GCC GTA GGA CAT TG-3'), mouse C4 (forward, 5'-
TGG AGG ACA AGG ACG GCT A-3’; reverse, 5'- GGC CCT AAC CCT GAG CTG A-3'), mouse C5 (forward,
5'- CAA AGG ATC CAG AAA AGA AGC CTG TAA ACC-3; reverse, 5 CCT TAA GCT TCG TGC AGC AGA
ACT TTT CAT TC-3’) and mouse p-tubulin (5'-CAG CGA TGA GCA CGG CAT AGA C; reverse, 5'-CCA
GGT TCC AAG TCC ACC AGA ATG-3').

Immunohistochemistry

The mice were deeply anesthetized and perfused transcardially with PBS and 4% paraformaldehyde. The brains
were removed to fixed with 4% paraformaldehyde for 2 h, and exposed to a cryoprotectant containing 30%
(w/v) sucrose at 4 °C for 24 h. The brains were cut into 20 um coronal sections with a Leica cryostat microtome
(Leica CM1950). The sections were incubated in 5% bovine serum albumin and 0.2% Triton X solution for 2 h at
room temperature. Next, the brain slices (n =6 for each group) were incubated with primary antibodies at 4 °C
overnight and washed with PBS. The primary antibodies used were as follows: PSD95 (1:100; 2507, Cell Signaling
Technology), PSD95 (1:200, ab12093, Abcam), Vglut2 (1:200, NBP2-59330, NOVUS), C5 (1:100, Proteintech,
66634-1-Ig), and IBA1 (1:200, ab283342, Abcam). The following day, the brain sections were incubated with
different secondary antibodies for 2 h at room temperature: Alexa Fluor 488-labeled goat anti-rabbit (1:200,
A0423, Beyotime), Alexa Fluor 647-labeled goat anti-rabbit (1:200, A0468, Beyotime), Cy3-labeled goat anti-
mouse IgG (1:200, A0521, Beyotime). Finally, the sections were stained with Hoechst 33,342 (1:1000, C1022,
Beyotime) for 10 min. All images were captured under a confocal microscope (Olympus FV1200, Japan) with a
63x or 100x oil immersion objective. The percentage of the colocalization of PSD95 and Vglut2 was determined
as the PSD95 and Vglut2 positive area compared to the total field area (512 pixels x 512 pixels) * 100%. The
colocalization of PSD95/Vglut2 with complement was determined as the C3 and PSD95/Vglut2 positive area
compared to the total field area (512 pixels x 512 pixels) * 100%.

Skeleton analysis

Confocal images of microglia were acquired using a confocal microscope (Olympus FV1200, Japan). Images
were converted into single-plane maximal intensity projections and a threshold was applied. The images were
subsequently processed via binarization and unsharp masking to eliminate noise. Next, they were skeletonized
and the branch lengths were analyzed by the AnalyzeSkeleton plugin in Image] software.

Three-dimensional reconstruction of microglia and engulfment analysis

The brain sections were imaged using a confocal microscope (Olympus FV1200, Japan) with a 63x oil immersion
objective. Z-stacks were acquired with a 0.5-um step (consisting of 20-30 frames). Image stacks of the
hippocampus were obtained from 3 to 4 tissues per animal (n=3-4 animals per group) to reconstruct microglia
(Imaris, 9.0.1, Bitplane, Switzerland). For analyzing the soma size, the IBA1 (microglia) immunoreactivity
areas were outlined with a surface rendering function. A threshold was set to exclude processes precisely and
a filter was used to eliminate noise. After reconstruction, the microglial soma size was determined using the
analyze measure function. Double-immunostaining for microglia (IBA1) and the synaptic marker PSD95 was
conducted to analyze the synaptic engulfment by microglia. Briefly, microglia and PSD95-positive synapses were
reconstructed using the surface rendering function, and the PSD95 volume was co-localized within the IBA1
volume to produce a volume of synaptic engulfment in microglia. The engulfment analysis was calculated as the
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volume of internalized PSD95 divided by the volume of microglia. The z-stack images were reconstructed using
the Imaris software (9.0.1, Bitplane, Switzerland).

Statistics

All statistical analyses were conducted using GraphPad Prism 9 Software. All data are presented as the
mean + SEM. The Shapiro-Wilk normality test was conducted to determine whether the data followed a normal
distribution. Comparisons between two groups were applied using an unpaired two-tailed t-test when data
conformed to normal distribution; more than two groups’ comparisons were analyzed with one-way or two-way
ANOVA, followed by Tukey’s post-hoc test for multiple comparisons. All differences among and between groups
were considered to be statistically significant at P<0.05.

Results

Rutin alleviated cognitive dysfunction in sevoflurane-treated mice

To investigate the effect of rutin (100 mg/kg) on neurocognitive deficits in sevoflurane-treated mice, an OFT
was conducted on PND 37, and a Morris water maze test was conducted on PNDs 37-42 (Fig. 1A). In the OFT,
mice in the control and sevoflurane groups that received PBS or rutin exhibited similar behaviors in terms of
center entries, time spent in the center, and central distance traveled (P>0.05, Fig. 1B, C). In the MWM test,
compared to PBS injection, rutin administration decreased the time to reach the hidden platform in sevoflurane-
treated mice on PNDs 38-40 (54.8+6.8 vs. 42.8+4.9 s, P=0.021, P38; 43.1+11.4 vs. 30.1+10.1 s, P=0.004,
P39; 30.1+6.1 vs. 22.4+7.7 s, P=0.032, P40, Fig. 1D, E). The mice treated with rutin in the sevoflurane group
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Fig. 1. Rutin alleviated cognition dysfunction in sevoflurane-treated mice. (A) Scheme of repeated neonatal
sevoflurane exposures and the behavioral test in mice (B) The OF test. Representative tracking path of mice in
the four groups. (C) Analysis of the number of entries into the center zoom, times spent in the center zoom,
and central distance traveled in the four groups of mice. (n=12). (D) MWM test. representative swimming
path of mice in the four groups. (E) Rutin reduced the escape latency compared to treatment with sevoflurane
and PBS. (n=12). (F) Rutin increased platform cross times and time spent in the target quadrant compared to
treatment with sevoflurane and PBS. (n=12). One-way ANOVA or Two-way ANOVA followed by a post hoc
Tukey’s test was used for comparisons between the multiple groups. Data were presented as the mean + SEM. *
P<0.05,** P<0.01, ** P<0.001.
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displayed greater platform crossing times (1.2+0.9 vs. 2.3+ 1.4 times, P=0.004, Fig. 1D, F) and spent more
time in the target quadrant (11.9+3.2 vs. 20.7+2.4 5, P=0.013, Fig. 1D, F), indicating an improvement in
cognitive performance. Notably, swimming speed did not differ significantly among the groups (Fig. 1F). We
also compared the therapeutic effects of rutin 100 mg/kg with those of 50 mg/kg rutin. Compared to the mice
in the rutin 50 mg/kg rutin group, the mice in the rutin 100 mg/kg rutin group spent less time reaching the
hidden platform on PNDs 39-40 (35.37£7.6 vs. 29.7+8.1 s, P=0.034, P39;25.32+ 12.4 vs. 20.6 £ 7.2 s, P=0.083,
P40, Fig S1A, B). Additionally, the mice treated with 100 mg/kg rutin crossed the platform more times (1.6+0.3
vs. 2.6 +0.8 times, P=0.037, Fig. S1A, C) and spent more time in the target quadrant (13.8+3.1 vs. 19.3£2.3 s,
P=0.003, Fig. S1 C). These findings suggested that rutin (100 mg/kg) effectively alleviated cognitive dysfunction
caused by sevoflurane.

Rutin rescued synapse loss in sevoflurane-treated mice

Recent studies have reported that prolonged and repeated sevoflurane exposure can have a detrimental effect
on hippocampal development, potentially leading to behavioral deficits**>. Sevoflurane exposure is linked to
synaptic damage, including synapse loss, alterations in synaptic transmission, and modifications of synaptic
genes. This study examined the effects of rutin on hippocampal synapses, and the result of Western blotting
analysis revealed significantly greater levels of Vglut2 and PSD95 in the hippocampi of sevoflurane-treated
mice than in those of PBS-treated mice (P = 0.005, and P < 0.001, Fig. 2A, B). The immunofluorescence results
revealed a higher density of PSD95 and Vglut2 in the hippocampal CA1 region of sevoflurane-treated mice with
rutin treatment than in control mice (P < 0.001, P = 0.003, Fig. 2C, D). Colocalization analysis of PSD95 and
Vglut2 revealed that rutin significantly increased synapse density in sevoflurane-treated mice (P = 0.004, Fig.
2C, D). These findings suggested that rutin mitigated the hippocampal synapse impairment induced by neonatal
exposure to sevoflurane.
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Fig. 2. Rutin rescued hippocampal synapse impairment in sevoflurane-treated mice (A, B) Western blot
results showed that rutin treatment significantly increased the expression of PSD95 and Vglut2 compared to
PBS in the hippocampus of sevoflurane-treated mice. (n=5). (C) Representative confocal microscopy images of
PSD95 (green) and Vglut2 (red) in the hippocampus of sevoflurane-treated mice receiving PBS or rutin. (scale
bar =5 pm). (D) Quantification analysis showed that compared with PBS treatment, rutin treatment increased
the density of PSD95, Vglut2, and their colocalization in the hippocampus of sevoflurane-treated mice. (n=6).
One-way ANOVA followed by a post hoc Tukey’s test was used for comparisons between the multiple groups.
Data were presented as the mean+SEM. * P<0.05, ** P<0.01, *** P<0.001.
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Rutin reduced microglial activation induced by Sevoflurane

Synapse development is strongly regulated by microglia, which help maintain the number and stability of synapses
through phagocytosis®**’. Microglia are involved in the loss of synapses caused by sevoflurane. Sevoflurane
promoted microglial engulfment by activating microglia, which resulted in the impairment of synapses. We
hypothesized that rutin exerted therapeutic effects on microglia, and to test this hypothesis, we labeled microglia
with IBA1 in the CA1 region and found that IBA1 intensity was significantly decreased by rutin in sevoflurane-
treated mice (P = 0.004, Fig. 3A, B). Skeleton analysis revealed that microglia in the sevoflurane group presented
an enlarged soma and shortened branches. Rutin treatment turned microglia into a highly ramified phenotype,
characterized by reduced soma size and longer branches (P = 0.03, P = 0.002, Fig. 3C, D). This phenotypic
switch showed that rutin reduced microglial activation caused by sevoflurane. Additionally, sevoflurane-treated
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Fig. 3. Rutin reduced microglial activation induced by sevoflurane (A) Representative confocal images of
IBA1" microglia in the CA1 region of four groups. (scale bars =100 pm). (B) Quantification analysis showed
that rutin led to increased IBA1 intensity in sevoflurane-treated mice. (1 =6). (C) Representative confocal
images of the microglial morphology in four groups. (scale bars=5 um). (D) Quantification analysis revealed
that rutin decreased microglial soma size and increased branch length, showing an inactivation phenotype.
(n=20). (E) Representative confocal images of CD68 (green) and IBA1 (red) immunoreactivity. (scale
bars=10 um). (F) Quantification analysis showed that the rutin-treated mice had a lower colocalization of
CD68 and IBA1 than the PBS-treated mice. (n=6). One-way ANOVA followed by a post hoc Tukey’s test was
used for comparisons between the multiple groups. Data were presented as the mean+ SEM. * P<0.05, **
P<0.01, *** P<0.001.
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mice exhibited increased colocalization of IBA1 and CD68 (a marker of microglial activation), whereas rutin
decreased their colocalization, indicating that rutin inhibited microglial activation (P < 0.001, Fig. 3E, F). These
findings suggested that rutin effectively reduced microglial activation in sevoflurane-treated mice.

Rutin attenuated microglial phagocytosis in vitro and in vivo

Microglial synaptic engulfment is responsible for the loss of synapses in sevoflurane-treated mice. To determine
whether rutin can prevent microglial synapse engulfment to rescue synapse loss, we next investigated the effects
of rutin (100 um, determined by the CCKS test) (Fig. 4A) on the phagocytic ability of BV2 microglia. We found
that BV2 cells displayed ameboid morphology (a phagocytic state) in the sevoflurane group, and rutin-treated
BV2 cells exhibited highly ramified morphology (a resting state) (Fig. 4B). These changes indicated that rutin
decreased the phagocytic ability of microglia. Additionally, we cocultured BV2 cells with fluorescent latex beads
and found that sevoflurane increased the phagocytosis of beads by BV2 cells, whereas rutin decreased the intake
of beads by BV2 cells (P=0.03, Fig. 4C). To determine whether rutin prevents microglial synapse engulfment in
vivo, IBA1 and PSD95 were co-stained in the CA1 region of mice. The results revealed a significant reduction
(40%) in synaptic engulfment by microglia in the CAl region of sevoflurane-treated mice receiving rutin
(P<0.001, Fig. 4D). These results indicated that rutin prevented microglial synaptic engulfment to reduce
synapse loss in sevoflurane-treated mice.
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Fig. 4. Rutin attenuated the microglial phagocytosis in vitro and in vivo (A) The cell toxicity effect of rutin on
BV2 cells. (B) Representative confocal microscopy images of BV2 cell morphology in the four groups. (scale
bar =15 um). (C) Representative confocal images of the fluorescent latex beads phagocyted by BV2 cells in
control and sevoflurane-treated BV2 cells with PBS or rutin treatment. (scale bar =15 um). (D) Representative
confocal microscopy images of IBA1* (red) microglia containing PSD95" puncta (green) in the CA1 region

of mice in the four groups. 3D rendering was shown. (scale bar =5 pum). Quantification analysis showed

that compared with PBS treatment, rutin treatment decreased the microglial synaptic engulfment in the
sevoflurane-treated group of mice. (n=20). One-way ANOVA followed by a post hoc Tukey’s test was used for
comparisons between the multiple groups. Data were presented as the mean+SEM. * P<0.05, ** P<0.01, ***
P<0.001.
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Rutin reduced microglial phagocytosis through the complement pathway

The classical complement cascade (Clq and C3) is involved in synapse elimination. By binding to synapses,
Clq activates its downstream C3 to promote microglial phagocytosis to remove inappropriate synaptic
connections®®°. We then detected the expression of complement Clg, C3, C4, and C5 mRNAs in BV2 cells
by conducting RT-qPCR analysis. The results revealed a significant decrease in Cl1q and C3 mRNA levels in
sevoflurane-treated mice that received rutin (P = 0.002, P = 0.003, Fig. 5A). Western blotting analysis confirmed
the downregulation of C1qand C3 expression by rutin (P < 0.001, P = 0.002, Fig. 5B, C). The immunofluorescence
results demonstrated that rutin decreased the C1q and C3 intensities in sevoflurane-treated BV2 cells (P < 0.001,
P =0.004, Fig. 5D, E). We subsequently added extra C3 (a downstream molecule of C1q) to the culture medium
to determine whether the effects of rutin on microglial engulfment rely on complement. The results showed
that extra complement C3 protein supplementation reversed the effects of rutin on microglial phagocytosis, as
indicated by an increase in fluorescent bead intake by BV2 cells (Figs. 5F, S2). Moreover, sevoflurane-treated
mice receiving rutin had lower C1q and C3 expression levels in the hippocampus (Fig. 6A, B). By binding to
synapses, complement C3 prepares synapses for microglial engulfment. Thus, we co-labeled C3 with presynaptic
Vglut2 and postsynaptic PSD95 in the CA1 region of mice. The results showed higher colocalization of C3 with
PSD95 (P = 0.002, Fig. 6C, D) and C3 with Vglut2 (P = 0.004, Fig. 6E, F) in the sevoflurane group than in the
control group; rutin treatment significantly reduced synaptic tagging by C3. These findings suggested that rutin
suppressed the complement pathway to reduce microglial phagocytosis.
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Fig. 5. Rutin suppressed the complement pathway in microglia (A) The mRNA expression of Clg, C3, C4,
and C5 in BV2 cells in the four groups. (n=5). (B) Representative Western blot of C1q and C3 in the four
groups. (C) Quantification analysis showed that the expression of C1q and C3 was decreased by rutin in the
sevoflurane-treated mice. (n=5). (D) Representative confocal microscopy images and analysis of Cl1q in BV2
cells in the four groups. (scale bar =15 um). (E) Representative confocal microscopy images and analysis of C3
in BV2 cells in the four groups. (scale bar =15 um). (F) Representative confocal images of the fluorescent latex
beads (red) phagocyted by BV2 cells in control and sevoflurane-treated BV2 cells with C3 or rutin treatment.
(scale bar =15 pm). One-way ANOVA followed by a post hoc Tukey’s test was used for multiple comparisons
between the groups. Data were presented as the mean + SEM. * P<0.05, ** P<0.01, *** P<0.001.
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Fig. 6. Rutin reduced synapse binding of C3 (A, B) Representative Western blot and analysis of C1q and C3 in
the four groups of mice. (1 ="5). in the four groups. (C) Representative confocal microscopy images of PSD95
and C3 in the four groups. (scale bar =5 pum). (D) Quantification analysis showed that the colocalization of
PSD95 and C3 was decreased by rutin in the sevoflurane-treated mice. (n=6). (E) Representative confocal
microscopy images of Vglut2 and C3 in the four groups. (scale bar =5 um). (F) Quantification analysis showed
that the colocalization of Vglut2 and C3 was decreased by rutin in the sevoflurane-treated mice. (n=6).
One-way ANOVA followed by a post hoc Tukey’s test was used for multiple comparisons between the groups.
Data were presented as the mean+SEM. * P<0.05, ** P<0.01, *** P<0.001.

Discussion

Exposure to anesthesia during the early postnatal period may lead to neurodevelopmental deficits, which have
been widely reported?>4%4!, Sevoflurane-induced cognitive decline is related to synaptic impairment, including
synapse loss, synaptic plasticity damage, and a reduction in synaptic transmission?*2. In this study, our results
revealed that repeated neonatal sevoflurane exposure reduced the density of synapses in the hippocampal CA1
region and negatively affected the learning and memorizing ability of young mice, which is consistent with the
findings of other studies. Rutin administration also significantly alleviated synaptic impairment and cognitive
dysfunction in sevoflurane-treated mice.

Several studies have revealed a role for the complement cascade in synaptic phagocytosis by microglia
The complement proteins C1q and C3 bind to both pre-and post-synapses, and microglia then engulf C3-labeled
synapses via their C3 receptors*. In conditions such as AD, demyelinating disease, and frontotemporal dementia,
microglia eliminate synapses in a C3-dependent manner and thus contribute to pathological synapse loss*’~%.
A recent study showed that prolonged sevoflurane anesthesia upregulated C1q and C3 expression, promoted
the tagging of C1q and C3 with synapses, and resulted in synapse impairment through microglial phagocytosis.
Another study found that neonatal sevoflurane exposure may increase C1q expression and facilitate microglial
synaptic engulfment?*?>. Our study also showed that sevoflurane exposure increased C1q and C3 expression,
and rutin treatment effectively decreased C1q and C3 levels both in vivo and in vitro. Additionally, rutin reduced
the binding of C3 with pre-synaptic Vglut2 and post-synaptic PSD95.

Many experimental studies have demonstrated the importance of natural compounds in preclinical models.
Rutin has been reported to exert various biological effects on neurocognitive dysfunction. In many neurological
disorders, rutin has a neuroprotective effect and improves recognition memory, spatial working memory, and
neurological scores®®-52. Although the influences of rutin on neuronal or synaptic development have rarely been
reported, however, rutin has been shown to exert excellent effects on microglia. Rutin pretreatment reduces
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the expression of the proinflammatory cytokines and promotes the phenotypic switch of M1 microglia to M2
microglia by inhibiting the Toll-like receptor 4/nuclear factor-kappa B signaling pathway>. Moreover, rutin
can suppress microglial activation and pyroptosis to alleviate chronic constriction injury-induced neuropathic
pain®*. In this study, we found that rutin effectively reduced the activation of microglia caused by sevoflurane,
and promoted the shift of phagocytic microglia toward the resting phenotype. Besides its anti-inflammatory
ability, rutin exhibits great anti-complement properties, with a CH, value of 0.133 + 0.021 mM?. Rutin can
downregulate C3 levels to relieve ischemic damage and improve neurological function. Our findings indicated
that rutin decreased Clq and C3 expression and reduced microglial phagocytosis in vivo and in vitro, which
was reversed by C3 supplementation. In AD mice, rutin has been reported to rescue synapse impairment by
inhibiting microglial phagocytosis and improving pre- and post-synaptic protein levels?. In our study, we found
that rutin reduced the binding of C3 with Vglut2 and PSD95, prevented microglial synaptic engulfment, and
restored both pre-synapse and post-synapse levels. Moreover, rutin alleviated synapse loss and improved the
cognition of sevoflurane-treated mice. These results indicated that rutin might be a promising candidate drug
for preventing sevoflurane-induced developmental neurotoxicity.

This study had several limitations. First, we did not find changes in the number of dendritic spines caused by
rutin, which is a feature of synaptic plasticity. Our further studies will investigate the effects of rutin on dendritic
spine impairment. Second, we focused only on the role of rutin in microglia-mediated synaptic phagocytosis,
and we can not exclude the possibility that rutin affects neurogenesis to exert its therapeutic effects. We aim to
investigate this issue in the future to determine the influence of rutin on neuronal development. Finally, specific
genetic interventions or inhibitors are needed to further validate the effects of rutin.

Conclusion

Our findings demonstrated that rutin inhibited complement-dependent synaptic phagocytosis by microglia to
alleviate the loss of synapses and cognitive dysfunction in sevoflurane-treated mice, indicating that rutin is a
promising drug candidate for treating sevoflurane-induced developmental neurotoxicity.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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