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Objective: This study aimed to investigate the effect of resveratrol (Res) on paclitaxel (PTX)-induced cognitive impairment and
elucidate the underlying molecular mechanisms.

Methods: Morris Water Maze (MWM) test was used to evaluate the mice’s spatial learning and memory abilities. Western blotting
was applied to detect protein expression of receptor-interacting protein (RIP3), mixed lineage kinase domain-like protein (MLKL),
silencing information regulator 2 related enzyme 1 (SIRT1), peroxisome proliferator activated receptor coactivator-1 (PGC-1a),
NADPH oxidase 2 (NOX2), NOX4, postsynaptic density zone 95 (PSD95), arginase-1 (Arg-1) and inducible nitric oxide synthase
(INOS). Immunofluorescence of RIP3, MLKL, Arg-1, Iba-1 and iNOS was conducted to observe the apoptosis of hippocampal cells
and the polarization of microglia. qRT-PCR was performed to detect BDNF mRNA expressions. DHE staining was used to assess the
level of oxidative stress response. Golgi-Cox staining and dendritic spine counting were applied to visualize synaptic structural
plasticity. Postsynaptic density was performed by transmission electron microscope. ELISA was used to detect the contents of tumour
necrosis factor alpha (TNF-a), IL-1p, IL-4, and IL-10.

Results: PTX-induced cognitive impairment model was constructed after the application of PTX, represented as longer latency to
platform and less platform crossing times over the whole period in PTX group. After Res treatment, the above indicators were
reversed, indicating that cognitive function was improved. Moreover, Res reduced neuronal apoptosis and oxidative stress through
SIRT1/PGC-1la pathway in mice, manifesting as down-regulated expression of RIP3, MLKL, NOX2 and NOX4. Meanwhile, Res
increased the density of dendritic spines and the expression of PSD95 and BDNF, thereby ameliorating the PTX induced synaptic
damage. Besides, M2 microglia was in the majority, eliciting the expression of anti-inflammatory cytokines IL-4 and IL-10 after Res
treatment in PTX+Res group, while immunofluorescence images results demonstrated an decrease in the proportion of M2 microglia
a following SIRT1 inhibitor EX-527.

Conclusion: Res improves PTX-induced cognitive impairment in mice by activating SIRT1/PGC-1a pathways to regulate neuronal
state and microglia cell polarization.
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Introduction

Paclitaxel (PTX) is a commonly used chemotherapeutic agent for the treatment of a variety of cancers in clinical
practice,' killing cancer cells by stabilizing microtubules and inhibiting cell division.? Chemobrain or chemofog,
chemotherapy-induced cognitive dysfunction, is widely recognized as a common adverse reaction following the
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administration of chemotherapeutic drugs.> More than 75% of cancer patients suffered from it.* Its clinical manifestations
include forgetfulness, trouble with multi-tasking and executing tasks, learning difficulties, memory problems, and poor
attention span.” Notably, chemobrain may continue for up to 10 years after chemotherapy in 17% to 34% of cancer
survivors.® However, there are no effective interventions to prevent it.

Emerging pharmacotherapeutic approaches to the treatment of cognitive dysfunction experienced by cancer survivors
and recognized in murine models include modafinil, lithium, donezepil, methylphenidate, resveratrol (Res), peroxisome
proliferator-activated receptors (PPARs) agonists, etc.” Res is a natural polyphenolic, naturally occurring phenolic
compound found in the skin of red grapes, peanuts and cranberries, that is compound with a wide range of biological
activities, such as antioxidant, anti-obesity, anticarcinogenic, anti-inflammatory, anti-aging, and immunomodulatory
properties.®® Of these, Res is widely known for its anti-inflammatory properties.'® It reduces the synthesis of pro-
inflammatory mediators and induces anti-inflammatory proteins, which result in anti-inflammatory effects. Accumulating
evidence suggests that Res has pharmacological benefits in life-threatening diseases, including cardiovascular disease,
cancer, diabetes, and neurodegenerative diseases, while the underlying mechanisms need to be further explored.'!

In murine models and cognitive studies in humans, memory impairments have been extensively reported after
chemotherapeutic protocols, which have been attributed mainly to oxidative damage and/or neuroinflammation.'*'?
Microglia are the resident innate immune cells in the central nervous system (CNS) that are responsible for homeostasis,
phagocytosis of cellular debris or pathogens, and the secretion of cytokines and chemokines.'* Inflammatory mediators
from microglia amplify the neuroinflammatory responses in CNS via innate immune activation mechanisms."> In such
context, the objective of the present study was to investigate if Res could restore the behavioral and morphological
changes found in mice receiving PTX administration, aiming to identify possible agents that could prevent or minimize
cognitive deficits and glial changes induced by PTX.

Materials and Methods

Animals

A total of 60 C57BL6/N male mice, 6-8 weeks of age and weighing 20—24g, purchased from Beijing Weitong Lihua
Laboratory Animal Technology Co., Ltd, was housed in independent ventilation cages (IVC) (trolled temperature (25°C £
2°C) and humidity (55-65%)) with artificial lighting (12 h/12 h light/dark cycle, lights on at 8:00 AM). Sterilized and residue-
free wood shavings were used for animal bedding. All mice had ad libitum access to standard rodent chow and filtered water
and were acclimatized for 1 week before the initiation of the experiment. All procedures were approved by the Laboratory
Animal Ethical and Welfare Committee Hebei Medical University (IACUC-Hebmu-2020009) and were in strict accordance
with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.

Drugs and Treatment

PTX (TCI, Japan) was dissolved in Cremophor EL (Sigma, USA), 6 mg/mL of absolute ethanol 1:1 solution, stored at
—20°C, diluted to 0.4 mg/mL of working solution with normal saline, 10 mg/kg. Res (TCI, Japan), undiluted DMSO
(Sigma, USA) —20°C, diluted to 90 mmol/L in PBS with DMSO 1% in a dose of 5 pL. EX-527 (MCE, USA), stored with
undiluted DMSO after —20E, diluted to 1.2 mmol/L in PBS and give DMSO 1% at a dose of 5 puL. Gadolinium
trichloride (GdCl;) (Sigma Company, USA), 1 mL of liquid (1000x) was dissolved in PBS, stored at —80°C, working
solution was diluted to 270 umol/L with PBS at a dose of 5 pL.

Mice were divided into 6 groups, 1) PTX group (n=10), mice receiving 10 mg/kg PTX; 2) Res group (n=10), mice
injected with 90 mmol/L Res; 3) PTX+Res group (n=10), mice injected with PTX and treated with Res; 4) PTX+EX-527
group (n=10), mice injected with 10mg/kg PTX and treated with 1.2 mmol/L EX-527; 5) PTX+GdCl; group (n=10), mice
injected with 10 mg/kg PTX and treated with 270 umol/L GdCl;; 6) Control (Con) group (n=10), mice receiving the same
equal amount of normal saline at the same time point. Specifically, PTX (intraperitoneal, i.p.) was administered once daily at
the same time point for 7 consecutive days before behavior test. Res, EX-527 and GdCl; (intra-cerebroventricular injection,
ICV) were administered once at the same time point 7 days before behavior test. The experiment schedule is shown in
Figure 1A.
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Figure | Res ameliorated PTX-induced cognitive impairment in mice. (A) Schematic of the experimental process, i.p. stands for injected intraperitoneally; (B) the latency to
platform in indicated groups in training trials; (C) the platform crossing times in indicated groups in MWM test; (D) the swimming path of the mice in indicated groups in
MWM test. *P<0.05 indicated vs Con group; “P<0.05 indicated vs PTX group; #P<0.05 indicated vs PTX group.

Abbreviations: i.p., intraperitoneally; MWM, Morris Water Maze; AP, acquisition phase; SET, space exploring test; D, day; Con, control; PTX, paclitaxel; Res, resveratrol.

ICV

Firstly, the mice were intraperitoneally injected with 1% sodium pentobarbital 50 mg/kg. After successful anesthesia, the
mice were located in the right ventricle using a standard brain locator. Specifically, the stereotaxic coordinates were:
0.6 mm posterior to the bregma, 1.2 mm lateral to the midline, and 1.8 mm in depth. The coordinates were as follows:
AP, —0.6 mm; ML, 1.2 mm; DV, —1.8 mm, 5 uL of drug or solvent at the rate of 0.5 uL/min. It was allowed to stand for 5
minutes before pulling out the needle. Afterwards, bone wax was used to seal bone pores, and normal saline was applied
to clean the incision and then suture the wound.

Morris Water Maze (MWM) Test

MWM test was used to evaluate the spatial learning and memory abilities. Experiments were performed in a circular pool
(diameter 150 cm X depth 80 cm) filled with water (22-24°C). In acquisition phase (AP), all mice were trained for 5
days, to find the platform with 4 trials daily (60 s at most, with an interval of more than 20 min). The swimming paths of
the mice were tracked using a video recording device. The escape latency and velocity baseline were measured at 24
h after the end of the fifth day of training, and the space exploring test (SET) was conducted at the second 24 h (the
platform was removed from the pool during the SET).

Western Blotting Analysis

Mice were sacrificed after pentobarbital sodium anesthesia, and hippocampal tissues were collected on ice, washed with
PBS buffer, and put into RIPA lysate (Protech Technology Enterprise Co., Ltd.) mixed with protease inhibitor cocktail
(Abcam US). Tissue homogenate was prepared by tissue fragmentation apparatus (60 Hz for 3 times, 2 min each time, ice
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bathing for 2 min during this period). After centrifugation at 4°C (12,000 rpm/min, 45 min), the supernatant was taken,
and the protein concentration was measured through bicinchoninic acid (BCA) method.

Equal amounts of protein were loaded and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The proteins were transferred and then transferred to a polyvinylidene fluoride (PVDF) membrane
(Merck Millipore, ISEQ00010, USA). After blocking with 5% skim milk (0.1% Tween dissolved in TBS solution) for
2 h at room temperature, the cells were incubated with primary antibody overnight at 4 °C. Primary antibodies
included: receptor-interacting protein 3 (RIP3) (1:1000, ADI-905-242, Enzolifescience, USA), mixed lineage kinase
domain-like protein (MLKL) (1:1000, 3137756, Millipore, USA), B-actin (1:5000, AC026, ABclonal, USA), silencing
information regulator 2 related enzyme 1(sirtuinl, SIRT1) (1:1000; Abcam; cat. no. ab110304), peroxisome prolif-
erator-activated receptor Gamma Coactivator-la (PGC-1a) (1:1000, Abcam, ab54481), NADPH oxidase 2 (NOX2)
(1:1000, Abcam, ab80897), NADPH oxidase 4 (NOX4) (1:1000; Abcam; cat. no. ab154244), postsynaptic density
zone 95 (PSD95) (1:1000, Abcam; R, ab238135), arginase-1 (Arg-1) (1:1000, Abcam; ab269541) and inducible nitric
oxide synthase (iNOS) (1:1000, Abcam, ab178945). After washing with Tris buffered saline tween (TBST) for 3 times,
the fluorescent secondary antibody corresponding to the primary antibody was incubated in the dark. After 2 h,
Odyssey was used to develop the target bands, and Image J software (version 6.0) was used to analyze the gray values
of protein bands.

Immunofluorescence

Mice were submitted to intracardiac perfusion with 0.9% saline, and then submitted to intracardiac perfusion with 4%
paraformaldehyde (Solarbio, China). The brains were removed, fixed in 4% paraformaldehyde for 24 h, and then
dehydration in graded sucrose concentrations between 20-30% were performed. After that, it was embedded in optimal
cutting temperature compound (OCT) for sectioning on a microtome (VT1000S, Leica Microsystems) of 10 pm
thickness. Nonspecific antibody-binding sites (brain tissue) were blocked with 3% goat serum in 0.01 M PBS for 30
min. Then, the sections were incubated with the corresponding primary antibodies against RIP3 (1:1000, ADI-905-242,
Enzo life science, USA), MLKL (1:1000, 3137756, Millipore, USA) and SIRT1 (1:1000, ADI-905-242, Abcam, USA)
overnight at 4°C. Subsequently, these sections were incubated with secondary antibody for 2 h at room temperature.
Thereafter, fluorescence intensity was observed under confocal microscope, 3 of which from each animal were averaged
and then statistically analyzed.

Dihydroethidium (DHE) Staining

DHE staining was applied to measure the expression level of reactive oxygen species (ROS) to assess the level of
oxidative stress response. The brain was carefully and quickly isolated, cut into 10 um and placed on chilled microscope
slides. After returning to room temperature, ROS staining was added droppingly. After incubated at 37°C for 30 min, the
cell nucleus were counterstained with DAPI (4°,6-diamidino-2-phenylindole), washed with 0.1 M PBS, and sealed, which
were observed under a fluorescence microscope.

Golgi-Cox Staining and Dendritic Spine Counting

Golgi-Cox staining and dendritic spine counting were used to visualize synaptic structural plasticity. Mouse hippocampal
tissues were immersed in Golgi-Cox staining solution and stored in the dark for 2 weeks according to Servicebio reagent
instructions. Rinse with distilled water and then put 80% glacial acetic acid for overnight. The tissue was cut into 100 pm
by an oscillating microtome. Nikon Eclipse E100 was used for imaging dendrites and dendritic spines in hippocampus.
Scanning and analysis were performed using the Pannoramic 250 and Nikon DS-U3, respectively.

Transmission Electron Microscopy

The mice were anesthetized with 1% sodium pentobarbital and killed at day 15. The hippocampal tissues from the mice
were fixed in 2% paraformaldehyde plus 2% glutaraldehyde (pH 7.4) for 2 h, and then was sectioned (1x1x1 mm?). Post-
fixed tissue was incubated in 1% osmium tetroxide (0.1 M, pH 7.4) and dehydrated in ethanol and acetone at room
temperature, then embedded in resin. Ultrathin sections (60 nm) were obtained using an ultramicrotome (UC-7; Leica,
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Germany) and then stained with lead citrate and uranyl acetate. Samples were detected using transmission electron
microscope (H-7500; HITACHI, JAPAN) for analysis at 15,000% magnifications.

Quantitative Real-Time Polymerase Chain Reaction (qQRT-PCR)

Following the manufacturer’s instructions provided by Promega (Beijing, China), the total RNA was extracted from the
hippocampus using RNA extraction kit. 1 pg total RNA was reversely transcribed into cDNA. The quantitated expression
of brain-derived neurotrophic factor (BDNF) mRNA in the hippocampus of mouse was used as qRT-PCR with the ABI
7300 real-time PCR system. RNA quantities of target genes were calculated using the 2~ **“* method. The primers are as
follows: BDNF F: 5’-TGGCCCTGCGGAGGCTAAGT-3’, R: 5’-AGGGTGCTTCCGAGCCTTCCT-3’; B-actin F: 5’-
CTACCTCATGAAGATCCTGACC-3’, R: 5’-CACAGCTTCTCTTTGATGTCAC-3". The final results were normalized
and were expressed as the fold change compared to the target gene/GAPDH.

Enzyme-Linked Immunosorbent Assay (ELISA)

The well-mixed homogenate was centrifuged for 15 min at 12,000 rpm at 4°C, and the supernatant was taken for
detection according to the specific steps of tumor necrosis factor alpha (TNF-a) (No. CSB-E04741m, CUSABIO),
interleukin-1beta (IL-1B) (No. CSB-E08054m, CUSABIO), IL-4 (No. CSB-E04634m, CUSABIO) and IL-10 (No. CSB-
E04594m, CUSABIO) as per the manufacturer’s instructions. The optical density of each well was determined using
a multi-function microplate reader (BioTeK, Epoch, USA) at 405 nm.

Statistical Analysis

Continuous data were tested for normality using the Shapiro—Wilk method. If the normality criteria were satisfied, data
were described as the mean + standard deviation. One-way ANOVA is used for the completely randomized design of
multiple groups of quantitative data of normal distribution and equal variance, and Kruskal-Wallis test is used for the
quantitative data that do not conform to the normal distribution and/or unequal variance. LSD test was used for post-
hoc tests for ANOVA and Kruskal-Wallis test. Statistical significance was defined as P< 0.05. Statistical analysis and
image processing were performed by using IBM SPSS 26.0 (IBM Corp., Armonk, USA), GraphPad Prism 8
(GraphPad Prism Software Inc., San Diego, CA) and Adobe Illustrator 2020 (Adobe Systems Inc, San Jose,
CA, USA).

Results

Res Ameliorated PTX-Induced Cognitive Impairment in Mice

MWM was conducted to evaluate the impairment and improvement of cognitive ability of mice. As shown in Figure 1B
and C, there was no significant difference in latency to platform and platform crossing times between the Res group and
the Con group. However, compared with the Con group, the PTX group had longer latency to platform and less platform
crossing times at D2—-D14, respectively, indicating that the PTX-induced cognitive impairment model was successfully
constructed. Surprisingly, after Res treatment, the mice in the PTX+Res group had shorter latency to platform and more
platform crossing times at D2-D14, respectively. On the contrary, after the selective inhibition of SIRT1 by EX-527
injected, the mice in the PTX+EX-527 group had longer latency to platform at D7, D14 and less platform crossing times
at D6, D8 and D15. Meanwhile, it could also be seen from the movement track of mice in each group on the 15th day that
the cognitive ability of mice receiving Res had been improved, while the damage of mice receiving EX-527 had been
aggravated compared with the PTX group (Figure 1D).

Res Down-Regulated the Expression of RIP3 and MLKL Proteins, and Reduced
PTX-Induced Apoptosis of Hippocampal Neuron

RIP3 and MLKL are specific molecules of necrotic apoptosis. We further compared the degree of necrotic apoptosis in
hippocampal neuron of mice in each group by Western blotting and immunofluorescence double-label staining. As shown
in Figure 2, the expression levels of RIP3 and MLKL protein in PTX group were significantly higher than those in the
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Con group and they were down-regulated after Res treatment. When EX-527 was added, the increased expression of
RIP3 and MLKL was further intensified (Figure 2A-D). Consistently, this phenomenon was more intuitively observed
via the co-labeled staining of neurons and RIP3/MLKL. The results showed that compared with the Con group, the
number of RIP3"NeuN" and MLKL"/NeuN" cells in the hippocampal neuron in group PTX was significantly increased.
However, the number of RIP3"NeuN" and MLKL"/NeuN" cells Res was observed to be significantly reduced in the Res
intervention and increased after the EX-527 intervention. Compared with PTX group, the number of RIP3"NeuN" and
MLKL"/NeuN" cells in the PTX+Res group was decreased, and the number of RIP3"NeuN" and MLKL/NeuN" cells in
the PTX+EX-527 group was increased (Figure 2E-H).

Res Exerted Hippocampal Neuron Anti-Apoptotic Effect by Reducing PTX-Induced
Oxidative Stress Through SIRT |-PGC-1a Pathway

The results in Figure 3A and B confirmed that the protein expressions of SIRT1 and PGC-1a were significantly increased
in hippocampal neuron of Res group compared with Con group, while the protein expressions of SIRT1 and PGC-1a
were significantly decreased in PTX group. Compared with the PTX group, the protein expressions of SIRT1 and PGC-
la in the PTX+Res group were significantly increased. Meanwhile, the expression of SIRT1 protein in the PTX+EX-527
group was significantly decreased compared with the PTX group.

We further detected the protein expressions of NOX2 and NOX4 in the tissues to determine the level of oxidative stress in
the hippocampal neuron after drug intervention. As is shown in Figure 3C and D, the expression of NOX2 and NOX4 in PTX
group increased significantly compared with Con group. Compared with PTX group, the expression of NOX2 and NOX4
decreased in PTX+Res group, and further increased in PTX+EX-527 group. DHE staining of hippocampal neuron showed
the same trend (Figure 3E and F). Compared with Con group, ROS"/DAPI" in PTX group increased significantly, Res could
significantly inhibit the expression of ROS'/DAPI", while EX-527 further promoted the increase of ROS'/DAPI" expres-
sion, significantly increasing the level of oxidative stress in hippocampal neuron.

Res Played Neuroprotective Role by Improving PTX-Induced Synaptic Plasticity

Damage and Increasing Dendritic Spine Density

Res showed a significant neuroprotective effect by inhibiting the down-regulation of PSD95 protein expression, which
was increased in the PTX+Res group, as compared with the PTX group (Figure 4A). BDNF is one of the regulated
factors of SIRT1/PGC-1a pathway. qRT-PCR results showed that the expression of BDNF mRNA in the hippocampus in
PTX group was significantly decreased, which was increased in PTX+Res group compared with PTX group. It was
further decreased in PTX+EX-527 group (Figure 4B). Golgi-Cox staining showed that the density of dendritic spines in
PTX group was significantly decreased, while Res increased the density of dendritic spines, and EX-527 further
decreased the density of dendritic spines in mice neurons (Figure 4C and D). The effect of Res/EX-527 on synapses
was observed more directly by the transmission electron microscopy. It showed that Res effectively alleviated the
widening of synaptic cleft and the reduction of the length and thickness of postsynaptic dense material, while EX-527
aggravated this phenomenon (Figure 4E-1).

Res Promoted the Polarization of Microglia to M2 Phenotype Through SIRT |-PGC-la
Pathway and Play an Anti-Inflammatory Role

Since microglial polarization was also one of the mechanisms involved in PTX-induced cognitive dysfunction, we
hypothesized that Res may also have microglial regulatory effects. Several studies reveals that GdCl; could protect the
ganglion cells by eliminating M1 microglia selectively, which provided a theoretical basis for further localizing different
types of microglia in neurodegenerative disease.'®!'” In the present study, the hippocampal CAl area in mice was
detected. Compared with the PTX group, the expression of iNOS was significantly inhibited in the PTX+Res group,
while the expression of Arg-1 was increased. In contrast, only the expression of iNOS was decreased in the hippocampal
tissue of mice treated with GdCI3 (Figure 5SA and B). The results of immunofluorescence double-label staining showed
that microglia in PTX group were mainly polarized to M1 microglia expressing iNOS, and M2 microglia expressing Arg-
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gamma co-activator- lalpha; RIP3, receptor-interacting protein 3; MLKL, mixed lineage kinase domain-like protein; DHE, dihydroethidium; ROS, reactive oxygen species; Con,
control; PTX, paclitaxel; Res, resveratrol.
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Figure 4 Res played neuroprotective role by improving PTX-induced synaptic plasticity damage and increasing dendritic spine density. (A) Protein levels of PSD95 in
hippocampal cells; (B) mRNA levels of BDNF in hippocampal cells; (C) density of dendritic spines; (D) Golgi-Cox staining of hippocampus tissues. Scale bar = 5 um; (E-I)
the microstructure of dendrites and dendritic spines in hippocampus was observed via transmission electron microscopy. Scale bar = 500 nm. *P<0.05, ***P<0.001 indicated
vs Con group; #P<0.05, #P<0.001 indicated vs PTX group; %P<0.05, #%%p<0.001 indicated vs PTX group.

Abbreviations: PSD95, postsynaptic density zone-95; BDNF, brain-derived neurotrophic factor; Con, control; PTX, paclitaxel; Res, resveratrol.

1 had very few polarized forms. However, in PTX+Res group, M2 type microglia was dominant, and M1 type was
significantly reduced. Both M1 and M2 microglia were decreased in PTX+GdCl; group, while IF images of PTX+EX-
527 group demonstrated an increase in the proportion of M1 microglia and a decrease in the proportion of M2 microglia
following SIRT1 inhibitor EX-527 (Figure 5C-E).

The same trend was found in the expression products of microglia with different polarization types: the concentra-
tions of anti-inflammatory factors IL-4 and IL-10 were significantly increased in the PTX+Res group, while the release of
pro-inflammatory factors TNF-o and IL-1p were decreased. These results indicated that Res could inhibit the polarization
of microglia toward the M1 type and promote its polarization toward the M2 type (Figure 5F).

Discussion

Learning and spatial memory abilities are important indicators to evaluate the function of the central nervous system in
animals. The earlier stage of cognitive dysfunction is a loss of learning/memory abilities, and the executive dysfunction
at the later stage'® Therefore, the learning and memory ability can reflect the changes in cognitive function. The MWM
test, developed by Richard G Morris in the 1980s, is a commonly used method to evaluate the cognitive function of
animal models of neurodegenerative diseases, and it is currently recognized as one of the gold standards for the
comprehensive ability of the mouse central nervous system in neuroscience research.'® Therefore, the MWM test was
used to observe the learning and memory ability of mice receiving PTX to evaluate their cognitive function. We found
that continuous intraperitoneal injection of PTX for 1 week led to a decline in the cognitive level of mice. After Res
treatment, the mice were also tested for the above behavioral indicators, and it was found that Res treatment significantly
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Figure 5 Res promoted the polarization of microglia to M2 type and play an anti-inflammatory role. (A) Protein levels of Arg-1 in microglia in the hippocampal CAl region;
(B) protein levels of iNOS in microglia in the hippocampal CAl region; (C) percentage of iNOS*DAPI*/Iba-1"DAPI* and Arg-1"DAPI*/Iba-1"DAPI*; (D) percentage of Iba-
1" DAPI*/DAPI"; (E) fluorescent labeling of M| and M2 microglia; (F) the levels of IL-1p, IL-4, IL-10 and TNF-« in hippocampus (pg/mL) in different groups were detected.
*#P<0.05 indicated vs Con group; “P<0.05 indicated vs PTX group; #P<0.05 indicated vs PTX+Res group; *P<0.05 indicated vs PTX group; ns indicated no statistical
significance. Scale bar = 50 um.
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improved the cognitive impairment. Similar results were also verified in rats submitted to doxorubicin-induced cognitive
impairment, and the results showed that Res treatment significantly improved doxorubicin-induced cognitive impairment

21 and

of rats.”® Necroptosis is associated with a variety of neurodegenerative diseases, such as Parkinson’s disease
Alzheimer’s disease®® and amyotrophic lateral sclerosis,”® among others. Hippocampus is an important part related to
learning, memory and other cognitive functions. Some studies have found that PTX can induce apoptosis in hippocampal
neurons, leading to learning and memory dysfunction.”* RIP3 is a switch molecule for cell necrosis and plays an
important role in the necroptosis pathway. In recent years, it has been shown that RIP3 causes necroptosis independently
of RIP1 and induces mixed lineage kinase domain-like protein (MLKL) phosphorylation, leading to changes in cell
membrane permeability and even cell membrane rupture.”” In the present study, after PTX treatment, RIP3 and MLKL
protein expression was increased, indicating increased apoptosis in the hippocampus and impairment of cognitive
function. Similarly, a study has found that polydatin reduced the protein expression of RIP3 and MLKL, and inhibited
hippocampal apoptosis and adriamycin-induced cognitive dysfunction in rats.*® Delightingly, our study found that when
RES was added, the expression of RIP3 and MLKL protein was significantly reduced, the apoptosis of hippocampal cells
was reduced, and the cognitive dysfunction of mice was improved. Conversely, when EX-527 pathway inhibitor was
added, the expression of RIP3 and MLKL protein was significantly increased, and the apoptosis of hippocampal cells was
increased. These results indicate that RES inhibits necroptosis of hippocampal cells through SIRT1/PGC-1a pathway so
as to improve PTX-induced cognitive impairment of mice.

Oxidative stress refers to the excessive production of ROS in the body or cells, and the weakening of endogenous
antioxidant defense function, resulting in an imbalance between the two and causing tissue or cell damage. Several
studies have shown that oxidative stress plays an important role in the occurrence and development of neurodegenerative
diseases (NDs) such as Parkinson’s disease (PD) and Alzheimer’s disease (AD).?” Both NOX2 and NOX4 are important
sources of ROS.?® In this study, the protein expression levels of NOX4 and NOX2 were significantly increased in PTX
treated mice, indicating that PTX could cause excessive oxidative stress in the body, and oxidative damage may activate
a large number of harmful pathways, eventually leading to cell death. However, oxidative stress levels were significantly
reduced in RES-treated mice. Further, SIRT1 is a nicotinamide adenine dinucleotide (NAD") dependent histone
deacetylase that upregulates PGC-10,>’ and then regulates mitochondrial function, participate in energy metabolism
and oxidative stress.*® According to previous reports, SIRT1 plays a crucial role in preserving typical cognitive function.
Knockout mice that lack SIRT1 display impaired hippocampal-dependent memory.>' Nicotinamide adenine dinucleotide
(NAD"), also known as coenzyme I, is a significant signaling molecule that governs intermediary metabolism.**> The
master transcription factor in the regulation of mitochondrial antioxidant and clearance systems, as well as its biogenesis,
is PGC-10.>* In the CNS, PGC-1a has been shown to regulate mitochondrial biogenesis, mitochondrial function in
neurons and the expression of myelin basic protein in oligodendrocytes.*® Yao Zhao et al, found that NAD" adminis-
tration rescued cognitive deficits and inhibited neuroinflammation by protecting mitochondria and decreasing ROS
production in CCH rats.*> Correspondingly, in this study, we found that RES reduced the oxidative stress level in
hippocampus through SIRT1/PGC-1a pathway, and the oxidative stress level was significantly increased when the
SIRT1/PGC-1la pathway inhibitor EX-527 was added. These results suggested that RES inhibited oxidative stress in
the hippocampus through SIRT1/PGC-1a pathway, thereby improving cognitive dysfunction in mice.

Synaptic plasticity, the activity-dependent change in neuronal connection strength, has long been considered an
important component of learning and memory.*® BDNF and PSD95 are key factors with multipotent impact on brain
signaling and synaptic plasticity.”” PSD95 is an important neurocytoskeletal protein in the postsynaptic density zone,
which can interact with ion channels, membrane receptors and intracellular signaling molecules to regulate synaptic
plasticity.’® An increase in the level of PSD95 expression at synaptic sites specific during learning induced elevated
synaptic plasticity.® BDNF is regulated by levels PGC-1a,?° and increased expression of BDNF can regulate synaptic
plasticity and improve cognition, learning and memory formation.*® Similarly, in the present study, the expression levels
of PSD95 and BDNF in the hippocampus of the mice in the PTX group was markedly decreased, which was similar to
previous reports.*’ The production and release of a large number of ROS in neurons necroptosis process can regulate
synaptic and non-synaptic information transmission between neurons and glial cells, and promote neuronal degeneration
in the form of neuroinflammation and cell death, leading to memory loss and cognitive impairment.*? Likewise, in this
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study, after the application of Res to PTX-induced cognitive impairment mice, the expression of BDNF and PSD95
increased significantly, speeding up the efficiency of synaptic transmission, and improving the cognitive function of
mice. These results clearly demonstrated the neuroprotective efficacy of Res in preventing synaptic plasticity damage
from PTX. Besides, when EX-527 was added, the protein level of BDNF and PSD95 protein was significantly decreased,
and the synaptic plasticity of hippocampal cells was decreased. It suggested that RES improved the synaptic plasticity of
hippocampal cells through SIRT1/PGC-1a pathway, thereby improving cognitive dysfunction in mice.

Microglia is the major cellular element with immune function inside the CNS, which is considered to play an
important role in the pathogenesis and progression of neurodegenerative diseases.*’ It is now well recognized that
microglia bear functional plasticity and dual phenotypes, M1 and M2. Depending on the predominance of secreted
factors, microglia have been characterized to express the classical activation phenotype (M1, pro-inflammatory) or the
alternative activation phenotype (M2, anti-inflammatory).** The M1 state causes the release of pro-inflammatory
cytokines with increased expression of cluster of differentiation markers iNOS, cluster of differentiation (CD) 86,
CD16 and CD32. The M2 state causes the release of the anti-inflammatory cytokines as well as Arg-1, transforming
growth factor B1 (TGF-B1), and CD206.* Jha et al proposed that alterations in microglia M1/M2 polarization have been
associated with neurodegenerative diseases.*® However, most reported compounds simply suppress M1 microglia, while
few compounds have been demonstrated to promote microglia polarization toward the M2 phenotype.*’

This study not only confirmed that GdCl; improved cognitive impairment induced by PTX by inhibiting M1
microglia clearance, but the data also showed a significant increase in M2 microglia after RES intervention. This
suggests that Res promotes microglia polarization to the M2 phenotype while inhibiting microglial polarization to the M1
phenotype. The reduction of the M2 marker Arg-1 after the addition of EX-527 in this study implies that Res may
encourage microglial polarization towards the M2 phenotype through the SIRT1/PGC-la pathway, which further
validates previous research. Besides, the M2 microglia produced a large amount of cytokines IL-4 and IL-10 to play
an anti-inflammatory role, which is consistent with previous studies.*®

There are some limitations in this study that need to be acknowledged. Firstly, the cognitive function in mice was
measured using a limited number of behavioral tests. Secondly, the association of SIRT1/PGC-1a pathway and M1/M2
microglia polarization in vitro is not elucidated directly, due to the limited funds and conditions. This limits the scope and
depth of the study, and further research is needed to fully explore these potential links.

Conclusion

Res significantly improved PTX-induced cognitive impairment by activating SIRT1/PGC-la pathway to regulate
neuronal state. Specifically, neuronal necrotic apoptosis were significantly reduced, as well as oxidative stress reaction,
and synaptic plasticity was tremendously improved. In addition, Res promoted the M2 polarization of microglia via
SIRT1/PGC-1a pathway playing an anti-inflammatory role. Therefore, Res-based neuroprotection measures provide new
ideas and methods for the treatment and prevention of chemotherapy-induced brain.
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