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Activation of LXRs alleviates neuropathic pain-induced cognitive dysfunction by modulation

of microglia polarization and synaptic plasticity via PI3K/AKT pathway

Abstract

Objective:

Cognitive dysfunction is a common comorbidity in patients with chronic pain. Activation of Liver

X receptors (LXRs) plays a potential role in improving cognitive disorders in central nervous

diseases. In this study, we investigated the role of LXRs in cognitive deficits induced by

neuropathic pain.

Methods:

We established the spared nerve injury (SNI) model to investigate pain-induced memory

dysfunction. Pharmacological activation of LXRs with T0901317 or inhibition with GSK2033 was

applied. PI3K inhibitor LY294002 was administered to explore the underlying mechanism of

LXRs. Changes in neuroinflammation, microglia polarization, and synaptic plasticity were

assessed using biochemical technologies.

Results:

We found that SNI-induced cognitive impairment was associated with reduced LXR[ expression,

increased M1-phenotype microglia, decreased synaptic proteins, and inhibition of PI3K/AKT

signaling pathway in the hippocampus. Activation of LXRs using T0901317 effectively alleviated

SNI-induced cognitive impairment. Additionally, T0901317 promoted the polarization of

microglia from M1 to M2, reduced pro-inflammatory cytokines, and upregulated synaptic proteins

in the hippocampus. However, administration of GSK2033 or LY294002 abolished these

protective effects of T0901317 in SNI mice.
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Conclusions:

LXRs activation alleviates neuropathic pain-induced cognitive impairment by modulating

microglia polarization, neuroinflammation, and synaptic plasticity, at least partly via acitvation of

PI3K/AKT signaling in the hippocampus. LXRs may be promising targets for addressing pain-

related cognitive deficits.

Keywords:

Liver X receptors; Neuropathic pain;

Neuroinflammation; Synaptic plasticity

Microglia polarization;

Cognitive dysfunction;
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1. Introduction

Pain has become an increasingly significant public health concern, as pain-related diseases have

become a leading cause of disability and disease globally [1]. Clinical studies have revealed that

chronic pain often combines with cognitive disorders including impairments in learning and

memory, attention, and executive function [2, 3]. However, the mechanism underlying pain-

induced cognitive dysfunction remains poorly understood, and effective treatments for addressing

this condition are still lacking.

It has been noticed that chronic pain induces neuroinflammation in the supraspinal regions,

particularly in the hippocampus and medial prefrontal cortex, which are critical in learning and

memory processes [4, 5]. Elevated levels of pro-inflammatory factors in the hippocampus, such as

tumor necrosis factor-alpha (TNF-a) and interleukin (IL)-1B, contribute to the development of

cognitive disorders in animal models of neuropathic pain [6, 7]. In the central nervous system

(CNS), microglia serve as key modulators of neuroinflammation and can shift between pro-

inflammatory (M1) and anti-inflammatory (M2) phenotypes depending on their activation status

in pathological conditions [8, 9]. Preclinic studies have demonstrated that pharmacological

elimination of microglia prevents memory deficits induced by chronic pain [6, 10]. However, it

would be better to modulate the transformation of microglia from M1 to M2 to promote their

neuroprotective effects [11].

Prolonged neuroinflammation in the hippocampus is often accompanied by disorders of

synaptic plasticity [12, 13]. Chronic pain significantly influences synaptic plasticity in the

hippocampus, leading to altered long-term potentiation (LTP), reduced spine density, and impaired

neurogenesis [14-16]. It is well-established that dysfunction in hippocampal synaptic plasticity
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leads to memory impairment in nerve-injured mice [17, 18]. Therefore, a comprehensive approach

that targets various aspects, such as neuroinflammation and synaptic plasticity, is necessary for the

treatment of pain-related cognitive deficits.

Liver X receptors (LXRs), including LXRa and LXRp, are transcription factors within the

nuclear receptor superfamily [19]. LXRa is the main subtype in the liver and adipose tissue, while

LXRp is widely expressed and especially abundant in the brain [20]. Recent studies have

highlighted the beneficial effects of LXRs on multiple neurologic diseases, given their central

roles in lipid metabolism and inflammatory signaling [21, 22]. LXRs agonist T0901317 has been

shown to enhance cholesterol efflux and transportation, resulting in reduced B-amyloid levels [23],

as well as attenuated neuronal apoptosis [24] and neuroinflammation [25]. Moreover, research

demonstrated that LXRP deletion leads to cognitive impairment in mice, while activation of

LXRs with GW3965 ameliorates sleep deprivation-induced cognitive impairment by inhibiting

microglia activation and inflammatory factors in the hippocampus [26]. Importantly, LXRs

activation plays a anti-depressive role by suppressing microglial M1-polarization and promoting

synaptic plasticity in the hippocampus [27]. However, the potential neuroprotective role of LXRs

after neuropathic pain remains to be elucidated.

Studies have also indicated that LXRs agonists promote hippocampal neurogenesis [28] and

synaptic plasticity [29] by activating phosphatidylinositol 3-kinase (PI3K) /protein kinase B (AKT)

signaling pathway. Moreover, as a lipid kinase, PI3K also plays important roles in mediating

extracellular signals to regulate cell growth and differentiation, as well as microglial phenotype

[30]. In both in vitro and in vivo experiments, activation of PI3K/AKT signaling pathway has

been demonstrated to inhibit microglial M1 polarization and suppress microglia-mediated
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neuroinflammation [31, 32]. Therefore, we hypothesized that PI3K/AKT pathway may underlie

the mechanism responsible for the neuroprotective and anti-inflammatory effects of LXRs

activation.

In this study, we characterized changes in LXRs expressions in the hippocampus of mice with

neuropathic pain and investigated their effects on cognitive performance. We found that activation

of LXRs alleviates cognitive dysfunction in SNI mice by modulating microglial polarization and

enhancing synaptic plasticity in the hippocampus through the activation of PI3K/AKT signaling

pathway.

2. Materials and Methods

2.1 Animals

Male C57 BL/6J (8 weeks, 20-25g) were purchased from Tongji Hospital, Tongji Medical

College, Huazhong University of Science and Technology. All mice were housed 5 per cage in a

temperature-controlled room and provided ad libitum access to water and food. The mice were

maintained under a 12-hour light/dark cycle. All experimental procedures were approved by the

Animal Care and Use Committee of Tongji Hospital.

2.2 Animal model of neuropathic pain

Under pentobarbital sodium anesthesia (50 mg/kg, intraperitoneally (i.p.)), mice underwent

spared nerve injury (SNI) surgery. In brief, the left thigh skin and muscle were incised to expose

the sciatic nerve, which includes the sural, common peroneal, and tibial nerves. The common

peroneal and tibial nerves were ligated with 6.0 sutures, and then cut off, with about a 2 mm

section of the distal nerve stump being removed. The skin was finally closed and disinfected with

iodophor. Throughout the surgery, the sural nerve was carefully protected to avoid stretching or
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impairment. In the Sham group, all nerves were left intact.

2.3 Experimental designs and drugs treatment

This study comprises four experiments, with mice randomly assigned to different groups.

Experiment 1

To evaluate changes in LXRs expression, microglia polarization, synaptic plasticity and

cognitive function after SNI, mice were allocated to the following 2 groups (Fig. 1A): (1) Sham

group; (2) SNI group (n = 9/group).

Experiment 2

To determine the effects of LXRs activation with T0901317, mice were allocated to the

following 4 groups (Fig. 5A): (1) Sham + Vehicle group; (2) Sham + T0901317 group; (3) SNI +

Vehicle group; (4) SNI + T0901317 group (n = 9/group). We dissolved T0901317

(MedChemExpress, USA) in 5% DMSO with normal saline at a concentration of 5 mg/ml.

T0901317 (30 mg/kg) or 5% DMSO with normal saline as a vehicle was administered i.p. once a

day for 14 days [33].

Experiment 3

To further confirm the neuroprotective effects of T0901317, we applied LXRs antagonist

GSK2033 in SNI mice. After the implantation of a cannula in the lateral ventricles, mice were

allocated to the following 4 groups (Fig. 7A): (1) SNI + Vehicle group; (2) SNI + T0901317 group;

(3) SNI + GSK2033 group; (4) SNI + GSK2033 + T0901317 group (n = 9/group). GSK2033

(MedChemExpress, USA) was dissolved in 0.1% DMSO with normal saline at a concentration of

3 mg/ml. GSK2033 (0.3 mg/kg) or an equal volume of vehicle (0.1% DMSO) was

intracerebroventricularly (i.c.v.) administered 30 min before surgery and days 7 and 14 after
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surgery [27]. T0901317 (30 mg/kg) or vehicle (5% DMSO) was administered i.p. once daily for

14 days.

Experiment 4

To explore the downstream mechanism of LXRs, we administered the PI3K inhibitor LY294002

(Fig. 9A). After the implantation of a cannula in the lateral ventricles, mice were divided into 4

groups: (1) SNI + Vehicle group; (2) SNI + T0901317 group; (3) SNI + LY294002 group; (4) SNI

+ LY294002 + T0901317 group. LY294002 (MedChemExpress, USA) was dissolved in 0.1%

DMSO with normal saline at a concentration of 10 mM (2 pL) [34] and injected into the lateral

ventricle of mice 30 min before the application of T0901317 for 14 days. Additional details of

drug administration in the experiment 3 and 4 are shown in Supplementary Table 1.

2.4 Behavioral tests

All behavioral procedures were conducted in a room at constant temperature (22 = 1 °C)

between 8:00 AM and 17:00 PM and the brightness was maintained at 50 lux.

Pain behavioral test

Von Frey filaments were applied to measure the ipsilateral hind paw mechanical withdrawal

threshold (MPWT). Mice were placed on the soft wire mesh floor in individual plastic boxes to

habituate for 30 min. Von Frey filaments were used in ascending order of forces from 0.008 g to 1

g to stimulate the lateral plantar surface of the left hind paw. Positive reactions were manifested as

rapid paw withdrawal, shaking, or licking upon the application or prompt removal of the filaments.

The MPWT was defined as the lowest amount of force that elicited a positive reaction at least 3

times out of 5 repetitive stimuli.

Open field test (OFT)
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The OFT was conducted 15 days after surgery to evaluate the locomotor activity of SNI mice.
Mice were placed in an open field apparatus (40 x 40 x 50 ¢cm?) and allowed to explore freely for
5 min. The locomotion of mice was measured by the ANY-maze software (Stoelting, USA). The
surface of the apparatus was cleaned with 75% alcohol to remove olfactory cues after each test.
Novel object recognition test (NORT)

To assess learning and memory function, the NORT was performed 1 h after the OFT. As
described previously [35], in the training stage, mice were allowed to explore two identical
rectangular objects A and B placed in the apparatus for 5 min. The testing phase was carried out
24 h after the training phase. The familiar object B was replaced by a novel cylinder (object C),
and mice were allowed to explore for 5 min again. Cognitive function was evaluated by
calculating the discrimination ratio (DR), defined as C/ (A + C). C is the time spent exploring the
novel object. A is the time spent exploring the familiar object, and A + C is the total time spent
exploring the two objects in the testing phase. The samples for biochemical analysis were
collected immediately after the behavioral tests.

2.5 Cannulation and intracerebroventricular interventions

After being anesthetized as mentioned above, mice were placed on a stereotaxic frame (RWD
Life Science Co., Ltd, China). A brain infusion cannula was implanted in the left lateral ventricle
(AP: -s0.34 mm, ML: -1 mm, DV: -2.5 mm) according to the mouse brain atlas of Franklin and
Paxinos. The cannulas were fixed to the skull using glue and dental cement. The SNI surgery was
conducted after a week of recovery, and LXRs antagonist GSK2033 or PI3K inhibitor LY294002
was administered via a pump at the rate of 500 nl/min. The position of the placed cannula was
confirmed by immunofluorescence staining (Supplementary Fig. 1).
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2.6 Western blot

The bilateral hippocampus protein samples were prepared as previously described [36]. Equal

quantities of total protein were separated using SDS-PAGE gels and then transferred to

polyvinylidene fluoride membranes. The membranes were blocked with 5% BSA in TBST for 2 h

at room temperature (RT) and subsequently incubated with primary antibodies overnight at 4 °C.

The antibodies included rabbit anti-LXRp (1:1000, ab28479, Abcam), rabbit anti-LXRa (1:1000,

14351-1-AP, Proteintech), rabbit anti-PSD95 (1:1000, A0131, Abclonal), rabbit anti-TGFBI1

(1:1000, A16640, Abclonal), rabbit anti-CD16 (1:1000, A2552, Abclonal), rabbit anti-CD32

(1:1000, A12553, Abclonal), rabbit anti-BDNF (1:1000, A11028, Abclonal), rabbit anti-SYN1

(1:1000, A17362, Abclonal), rabbit anti-Arg-1 (1:1000, A1847, Abclonal), rabbit anti-iNOS

(1:1000, 18985-1-AP, Proteintech), rabbit anti-CD206 (1:1000, ab64693, Abcam), rabbit anti-

GAPDH (1:2000, A19056, Abclonal), rabbit anti-Akt (1:1000, 9272, Cell signaling technology),

rabbit anti-p-AKT (1:1000, 4060, Cell signaling technology), rabbit anti-PI3K (1:1000, 600225-1-

Ig, Proteintech), rabbit anti-p-PI3K (1:1000, AF3241, Affinity). After washing with TBST, the

membranes were incubated with a goat anti-rabbit secondary antibody (1:10000, BA1055, Boster)

for 2 h at RT. The protein bands were detected by enhanced chemiluminescence (Pierce ECL

Western Blotting Substrate, Thermo Scientific) and a computerized image analysis system

(ChemiDoc XRS+, Bio-Rad). The intensity of bands was analyzed using Image Lab software

(Bio-Rad), normalized to GAPDH, and expressed as the fold of control. The band intensity of

Sham, Sham+Vehicle, or SNI+Vehicle groups in each experiment was set as 1 [37].

2.7 Enzyme-linked immunosorbent assay (ELISA)

The bilateral hippocampus was homogenized and subjected to centrifugation. The supernatants

11
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of tissue homogenates were collected, and the levels of IL-1B, TNF-a, IL-10, and IL-4 were

measured using commercially available ELISA kits (Elabscience Biotechnology, China). The

procedures were conducted following the manufacturer’s instructions.

2.8 Immunofluorescence

The brains were collected and postfixed in 4% paraformaldehyde (PFA) at 4 °C overnight.

Subsequently, they were dehydrated in 20% sucrose for 24 h, followed by 30% sucrose for another

24 h. Coronal brain sections were obtained at 20 um in thickness. The sections were blocked with

5% donkey serum and 0.3% Triton in PBS for 2 h at RT. Later, the sections were incubated

overnight at 4 °C with the primary antibodies, including goat anti-Ibal (1:200, ab5076, Abcam),

rabbit anti-CD68 (1:500, ab125212, Abcam), anti-Arg-1 (1:100, A1847, Abclonal), rabbit anti-

LXRp (1:200, ab28479, Abcam), mouse anti-NeuN (1:500, 66836-1-lg, Proteintech), goat anti-

GFAP (1:1000, ab7260, abcam), rabbit anti-Arg-1 (1:200, A1847, Abclonal). After washing with

PBS, the sections were incubated with Alexa Fluor 488-labeled donkey anti-goat secondary

antibody, Alexa Fluor Cy3-labeled donkey anti-rabbit secondary antibody, or Alexa Fluor 488-

labeled donkey anti-mouse secondary antibody (1:500, Jackson ImmunoResearch). Nuclei were

stained by DAPI for 10 min (1:5000, Beyotime). We imaged hippocampal sections using a

fluorescence scanner (Olympus, Japan) and a confocal microscope (Leica, Germany) with the

same exposure settings in each image set. As previously described [38,39], the mean fluorescence

intensity, the number of Iba* cells of microglia, the number of CD68" and Arg-17 cells, and their

colocalization with Ibal staining were calculated by using Image J. Three sections per mouse were

averaged and each group included 4 animals.

2.9 Statistical analysis

12
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All data are shown as mean £ SEM. For two groups of comparison, an unpaired Student’s ¢-test

was applied. To analyze MPWT and four groups’ data, two-way ANOVA followed by Turkey

post-hoc test was used. The experimental data all conform to the normal distribution. GraphPad

Prism 8.0 was used for all analyses. P < 0.05 was considered statistically significant in this study.

The detailed descriptions of statistical analysis are provided in Supplementary Table 2.

3. Results

3.1 Cognitive dysfunction and hippocampal LXRp reduction of SNI mice

As described in our previous studies, we evaluated the MPWT to assess nociceptive symptoms

[40]. In the SNI group, MPWT was decreased in the ipsilateral hind paw from day 3 and persisted

for at least 14 days (Fig. 1B). No difference was found in the path length (Fig. 1C) and velocity

(Fig. 1D) in the OFT. Learning and memory function was then evaluated using the NORT. In the

training stage, there was no difference in the total time spent exploring identical objects between

the two groups (Fig. 1E). However, during the testing session, mice in the Sham group spent more

time exploring the novel object than the familiar object, while SNI mice did not demonstrate a

preference for the novel object (Fig. 1F-H). These findings suggest that SNI induced cognitive

dysfunction in mice, but did not their alter locomotive activity.

To explore the potential role of LXRs in cognitive function in pain conditions, we detected the

expression levels of LXRa and LXRp in the hippocampus using Western blot analysis. The results

indicated a significant reduction in the protein level of LXRp in the SNI group, while there were

no significant changes in the expression of LXRa following SNI (Fig. 2A). Double

immunofluorescence staining revealed that LXRP was expressed in neurons (NeuN), astrocytes

(GFAP), and microglia (Ibal) in the hippocampus after SNI (Fig. 2B).

13



258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

3.2 Microglia were activated and mainly expressed as M1 phenotype in the hippocampus

after SNI

Neuroinflammation is an important mechanism underlying cognitive impairment. We found that

microglia in the hippocampus were activated after SNI and developed into an ameboid form, with

enlarged soma size and thickening processes (Fig. 3A). The quantitative results showed that the

microglia-specific marker, Ibal, was highly expressed in the hippocampus after SNI (Fig. 3B-C).

Besides, we also observed an increase of pro-inflammatory cytokines TNF-a, IL-1B, and a

decrease of anti-inflammatory cytokines IL-10, IL-4 in the hippocampus after SNI (Fig. 3D).

Then, we used western blot and immunofluorescence to evaluate the status of microglia by

examining the expression levels of markers associated with M1 and M2 phenotypes. The results

indicated an elevation in the expression levels of M1 phenotype microglia markers, including

CD16, CD32, and iNOS (Fig. 3E). Conversely, the levels of M2 phenotype microglial markers,

such as TGF-B, Arg-1, and CD206, were reduced in the hippocampus after SNI (Fig. 3F).

Furthermore, double immunofluorescent staining demonstrated a higher proportion of MI-

polarized microglial marker CD68-positive microglia in the SNI group compared to Sham mice

(Fig. 3G-H). In contrast, a lower proportion of M2-polarized microglial marker Arg-1-positive

microglia was observed in the SNI group (Fig. 3I-J). These findings suggest that microglia were

significantly activated and predominantly expressed the M1 phenotype in the hippocampus

following SNI.

3.3 Decreased synaptic proteins and suppressed PI3K/AKT signaling pathway in the

hippocampus after SNI

As synaptic plasticity in the hippocampus is known to be crucial for memory formation, we

14
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assessed the levels of synaptic plasticity-related proteins. The results demonstrated a significant

decrease in the expression of PSD95 (a marker for postsynaptic protein), SYN1 (a marker for

presynaptic protein), and BDNF (brain-derived neurotrophic factor) after SNI (Fig. 4A). Previous

studies have indicated the importance of PI3K/AKT pathway in microglia polarization and

synaptic plasticity. Compared to the Sham group, the SNI group exhibited significantly lower

ratios of p-PI3K/PI3K and p-AKT/AKT (Fig. 4B-C). These findings suggest that SNI led to

synaptic loss and decreased activity of PI3K/AKT pathway in the hippocampus.

3.4 Activation of LXRs with T0901317 improved cognitive dysfunction induced by SNI

T0901317 is a highly selective agonist of LXRs. Our results indicated that administration of

T0901317 did not affect the pain threshold (Fig. 5B), locomotion, or the exploration time of

objects in mice (Supplementary Fig. 2A-C). During the testing phase of the NORT, mice in the

SNI group treated with T0O901317 exhibited a significant increase in the time spent on the novel

object (Fig. 5C), and the discrimination ratio was also higher compared to the SNI group treated

with vehicle (Fig. 5D).

3.5 T0901317 prevented the low immunocontent of LXRs and the decreased activity of

PI3K/AKT signaling pathway induced by SNI

The administration of T0901317 led to an increase in the expression level of LXRp in both the

Sham and SNI groups, However, the levels of LXR-a remained unaffected by either SNI or

T0901317 treatment (Fig. SF-G). Meanwhile, the inhibited phosphorylation of PI3K and AKT

proteins caused by neuropathic pain was reversed by T0901317 treatment (Fig. 5F, SH). These

results indicate that T0901317 positively impacts LXRp expression and PI3K/AKT signaling

pathway in the hippocampus, which might contribute to its beneficial effects in alleviating

15
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cognitive dysfunction in SNI mice.

3.6 T0901317 prevented hippocampal neuroinflammation, microglial M1-polarization, and

synaptic loss induced by SNI

Studies indicated that activation of LXRs alleviates microglia-mediated inflammation [33, 34].

However, research on the role of LXRs-mediated supraspinal neuroinflammation in pain is limited.

Thus, the effects of T0901317 on microglia activation and inflammatory factors were measured.

Ibal staining showed that administration of T0901317 significantly alleviated the expression of

Ibal in the hippocampus after SNI (Fig. 6A-C). Moreover, T0901317 administration prevented the

high levels of pro-inflammation cytokines TNF-o and IL-1B, while it upregulated anti-

inflammatory factors in the hippocampus (Fig. 6D). Subsequently, we found that T0901317

reduced the expression levels of M1-phenotype markers iNOS, CD16, and CD32 and increased

the levels of M2-phenotype markers CD206, TGF-B, and Arg-1 in SNI mice (Fig. 6E). Double-

labelling immunofluorescence revealed that TO901317 decreased the proportion of CD68-positive

microglia and increased Arg-1-positive microglia in the SNI group (Fig. 6F-I). Overall, these

results collectively suggest that LXRs agonist T0901317 promoted microglial M2 polarizaiton and

inhibited neuroinflammtion in the hippocampus in SNI mice.

In addition, our investigation revealed that the expression levels of PSD95, SYN1, and BDNF

were significantly upregulated following T0901317 administration in both Sham and SNI groups

(Fig. 6J), indicating that activation of LXRs had beneficial effects on synapse synthesis and

protection.

3.7 LXRs antagonist GSK2033 blocked the neuroprotective effects of T0901317 in SNI mice

We administered LXRs antagonist GSK2033 to further confirm the roles of LXRs in cognitive

16
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dysfunction induced by SNI. Our results showed that GSK2033 had no impact on pain behaviors

(Fig. 7B) and locomotion in SNI mice (Supplementary Fig. 2D-F). However, GSK2033

completely abolished the memory protective effects of T0901317 (Fig. 7C-E). In addition,

GSK2033 decreased the LXRp expression in the SNI group and inhibited the activation of

PI3K/AKT pathway induced by T0901317 (Fig. 7F-H). Furthermore, GSK2033 significantly

enhanced microglia-mediated neuroinflammation (Fig. 8A-D) and reversed the microglia M2

transformation induced by T0901317 in the SNI group ((Fig. 8E-I). Moreover, GSK2033 reduced

the expression levels of synaptic proteins in the SNI group and inhibited the increase of synaptic

proteins after T0901317 (Fig. 8J). These findings suggest that LXRs antagonist GSK2033

exacerbated SNI-induced cognitive deficits and hippocampal dysfunction, and suppressed the

neuroprotective effects of T0901317.

3.8 PI3K/AKT activation is required for the T0901317-induced neuroprotective effects

As we can conclude from the results, T0901317 reversed the suppressed activity of PI3K/AKT

signaling pathway induced by neuropathic pain. We applied a specific PI3K inhibitor, LY294002,

to further assess the involvement of PI3K/AKT signaling pathway underlying the neuroprotective

effects of LXRs in SNI mice. LY294002 did not affect the pain behavior (Fig. 9B) and locomotion

(Supplementary Fig. 2G-I), whereas significantly blocked the improvment of cognitive fucntion

induced by T0901317 (Fig. 9C-E). What’s more, our results showed that LY294002 aggravated

hippocampal neuroinflammation (Fig. 9F-I), inhibited the transformation of microglia from M1 to

M2 phenotype (Fig. 10A-E), and prevented the increased expressions of PSD95, SYNI1, and

BDNF induced by T0901317 (Fig. 10F). Overall, these results indicate that activation of LXRs

with T0901317 alleviated the cognitive dysfunction, promoted microglia M2 polarization and
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increased synaptic proteins in SNI mice, at least in part, through activating PI3K/AKT signaling

pathway.

4. Discussion

In the current study, we mainly investigated the effects of LXRs activation on cognitive deficits

caused by neuropathic pain. Our findings demonstrated that activation of LXRs with T0901317

improved cognitive deficits induced by SNI, promoted microglial polarization from M1 to M2,

inhibited inflammatory responses, and restored synaptic proteins in the hippocampus. Notably,

blocking LXRs or inhibiting PI3K signaling pathway reversed the beneficial effects of T0901317.

Finally, our findings suggest that LXRs activation has the potential to attenuate microglia-

mediated neuroinflammation and synaptic impairment activating the PI3K/Akt signaling pathway

in the hippocampus, ultimately improving pain-induced cognitive deficits (Fig. 11).

Pain is a complex sensory experience that affects cognition, emotion, and behavior [43]. In this

study, we observed that chronic neuropathic pain led to novel-object recognition dysfunction,

without locomotive dysfunction. This finding is in agreement with the previous findings in the

SNI model [15]. Moriarty et al. have proposed three theories to illustrate how pain affects

cognitive function: (1) limited cognitive resources; (2) altered neural plasticity; and (3)

unbalanced neuromediators [44]. The hippocampus, known for its role in cognition formation and

supraspinal modulation of pain, is considered to be the primary target affected by persistent pain

[45]. Neuroinflammation is an important mechanism of cognitive impairment in CNS diseases,

characterized by elevated pro-inflammatory cytokine and microglial activation [46]. Supraspinal

neuroinflammation induced by peripheral nerve injury can be initiated and maintained by the local

immune response in the CNS and the release of inflammatory cytokines from peripheral damaged
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nerves [5,47]. Glia activation occurs in response to ascending pain signals at the supraspinal level

[48]. Additionally, the immune mediators released by damaged peripheral nerves can be relayed to

brain regions via ascending spinal afferents and humoral transmission across the blood-brain

barrier (BBB) [49]. Disrupted BBB permeability [50] and increased perivascular macrophages

(PVMs) in the brain [51] also contribute to pain-induced neuroinflammation in the hippocampus.

Studies have demonstrated the overexpression of pro-inflammatory cytokines, including TNF-a,

IL-1pB, and IL-6, in the hippocampus, plasma, and cerebrospinal fluid in pain models [6,52—54].

Reactive microglia can alter and adapt to neurotoxic (M1) and neuroprotective phenotype (M2).

M1 microglia can be stimulated by pro-inflammatory factors and are characterized by increased

expression of several proteins or inflammatory cytokines, such as iNOS, CD68, CD16/32, IL-18,

and TNF-a. Conversely, M2 microglia can be induced by IL-4 and IL-10 and exhibit increased

expression of Arg-1, CD206 or anti-inflammation cytokines IL-4 and IL-10 [55]. In our study, we

observed an exaggerated activation of microglia, along with increased levels of TNF-o and IL-1,

and reduced levels of IL-4 and IL-10 in the hippocampus after SNI. The results further suggest

that SNI-induced cognitive dysfunction was associated with microglial M1 polarization in the

hippocampus, as demonstrated by increased M1 marker expression and decreased M2 marker

expression, which supports the neuromediator theory. It has been demonstrated that modulating

M1/M2 polarization is beneficial for regulating neural homeostasis and improving behavioral

outcomes. However, Kwon and Koh suggested that the traditional category of microglia

polarization (M1/M2) should be considered as a spectrum rather than two different populations

[56]. To better understand microglial diversities in neurological diseases, some unbiased

approaches such as transcriptomics are expected to be employed in future research [57].
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Synapse plasticity impairment is characteristic of many neurological pathologies associated

with neuroinflammation, such as AD [58] and depression [59]. In this study, we found that SNI

significantly decreased the expression levels of synaptic-related proteins, including PSD95, SYNI,

and BDNF. These results are consistent with our previous findings that SNI impaired hippocampal

synaptic plasticity in rats, as demonstrated by deficient long-time potential (LTP) and reduced

excitatory synapses [60]. Morphological research also showed that SNI reduced spine density and

dendrite tree complexity of hippocampal pyramidal neurons [16]. Moreover, Liu et al highlighted

that TNF-a signaling and microglial activation induced by SNI disrupts synaptic structural and

functional plasticity in the hippocampus [10]. Recent studies have also indicated that the

deregulated engulfment of synaptic structures by activated microglia contributes to synapse loss in

the hippocampus and cognitive decline [61, 62].

LXRs are activated by endogenous cholesterol derivatives like oxysterols, and they regulate

gene transcription involved in cholesterol metabolism and immunomodulation across various cell

types [22]. Here, we found that LXR[ was decreased in the hippocampus at 14 days after SNI,

which is in line with similar research on cognitive impairment [26]. In the mature brain,

cholesterol is primarily produced by astrocytes and neural stem cells. However, it has been

reported that persistent pain leads to poor neurogenesis [63] and astrocyte atrophy [64] in the

hippocampus, which may contribute to insufficient cholesterol synthesis. Consequently, the

reduction in hippocampal LXRp expression induced by SNI may be associated with inadequate

cholesterol signaling produced during the pain condition in the hippocampus.

Our study showed that LXRs synthetic agonist T0901317 increased LXRp expression and

significantly improved cognitive dysfunction in SNI mice. Immunofluorescence staining revealed
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that LXRP was widely expressed in neurons, astrocytes, and microglia following SNI. In this

study, we primarily focused on exploring the effects of LXRs on microglia-mediated

neuroinflammation and neuronal synapse loss. Firstly, we observed that LXRs activation

effectively inhibted microglia activation, promoted microglia polarization from M1 to the M2

phenotype, and decreased the levels of pro-inflammtory cytokines in the hippocampus after SNI.

Previous studies have reported that LXRs downregulate proinflammatory gene expression in the

activated microglia, including nuclear factor-kappa B (NF-xB), resulting in reduced release of

iNOS and IL-1p, and promoting the transition to M2 states of microglia [65]. Additionally, Zhang

et al. found that GW3965 reduced cholesterol burden in the phagocytes, facilitating the

transformation of proinflammatory microglia into neuroprotective ones in mice with brain injury

[66]. Moreover, LXRs are the key modulator of cholesterol which is the essential material for

synapse formation, axon growth, and membrane homeostasis [67]. Our results showed that

administration of T0901317 significantly increased synaptic proteins in the Sham and SNI groups.

Xu et al. also demonstrated that GW3965 prevents the disruption of LTP and the reduction in

spine density induced by chronic stress [27]. These results highlighted the beneficial role of LXRs

in the formation and restoration of synaptic plasticity. To further confirm the effects of T0901317

in the CNS, we microinjected LXR antagonist GSK2033 into the lateral ventricle. The results

showed that the neuroprotective effects of T0901317 were completely countervailed by GSK2033.

As to the pain behavior, it has been reported that activation of LXRs inhibited hyperalgesia in

CFA-induced inflammatory pain [68]. However, in this study, treatment with T0901317 or

GSK2033 did not affect the pain behaviors of SNI mice. The differences in analgesic effects of

LXRs could be attributed to variations in animal pain models and drug delivery methods.

21



434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

In the peripheral system, downregulation of LXR/PI3K/AKT pathway can inhibit M2

macrophage formation and attenuate renal fibrosis [69]. In the CNS, Akt regulated M2 microglial

polarization via Ser473 phosphorylation in brain diseases [70,71]. Moreover, PI3K/AKT signaling

pathway also plays a key role in synaptic plasticity. For example, T0901317 significantly restored

synapses in the ischemic brain by increasing PI3K/Akt signaling [29]. Insulin signaling regulates

dendritic spine formation and excitatory synapse development in hippocampal neurons through

the activation of PI3K/Akt/mTOR pathways [72]. Our findings indicate that PI3K/AKT signaling

pathway was inhibited in the hippocampus after SNI, accompanied by microglia M1 polarization

and impairment of synaptic plasticity. However, activation of LXRs by T0901317 significantly

reversed the suppressed PI3K/AKT signaling pathway induced by SNI. Furthermore, PI3K

inhibitor LY294002 exacerbated the cognitive dysfunction in SNI mice and abolished the

neuroprotective effects of T0901317. In summary, our results suggest that activation of PI3K/AKT

signaling pathway is a major contributor to the LXRs-mediated microglia polarization and

synaptic plasticity.

There were limitations to our study. Firstly, we focused on SNI-induced neuroinflammation and

synaptic impairment in the hippocampus and did not examine other cognition-related brain regions.

Secondly, since the gene knockout technology can effectively distinguish the functions of different

subunits, we could have used knockout mice to further verify the functions of LXR o/f. Lastly,

our study reported that LXRs can regulate microglia polarization and synaptic proteins, but further

research is required to investigate the specific expression and functional changes of LXRs in

different cell types within the brain and their association with cognitive function.

In summary, our study reveals the impact of LXRs on cognitive dysfunction induced by
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neuropathic pain. We found that neuropathic pain disrupted cognitive function and LXRs

expression in the hippocampus. Activation of LXRs with T0901317 attenuated pain-induced

cognitive dysfunction by modulating microglia polarization, neuroinflammation, and synaptic

plasticity in the hippocampus through the activation of PI3K/AKT signaling pathway. Thus, LXRs

could be a potential target to prevent or treat patients who suffer from pain-induced cognitive

disorders.
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662  Fig. 1 The locomotive and cognitive performance after SNI

663  (A) Experimental designs of the Sham and SNI groups. (B) Mechanical allodynia was evaluated

664 by the ipsilateral mechanical paw withdrawal threshold (MPWT) at 1 day before surgery and 3, 7,

665 14 days after surgery (compared to the corresponding day of the Sham group) (n =9). (C-D) Path

666 length and velocity in the OFT (n = 9). (E) Total time spent with two similar objects in the training

667  phase of NORT (n=9). (F) Time spent with familiar object A and novel object C in the testing

668  phase (n =9). (G) Discrimination ratio in the testing phase of NORT (n = 9). (H) Representative

669  exploration traces of Sham and SNI mice in the NORT. All data are presented as mean + SEM.

670  Student’s t-test; two-way ANOVA, followed by Turkey post-hoc test. **P < 0.05, **P < 0.01,

671 **%P <0.001, ****P <0.0001, n = 9 per group. SNI: spared nerve injured; MPWT: mechanical

672  paw withdrawal threshold; NORT: novel object recognition test; OFT: open field test.
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Fig. 2 Expression profile of LXRs in the hippocampus after SNI

(A) Representative western blot images and quantification of protein levels of LXRa and LXR} in
the hippocampus of Sham and SNI mice (n = 5). (B) Representative images of colocalization of
LXR B (red) with neurons (NeuN, green), astrocytes (GFAP, green), and microglia (Ibal, green) in
the hippocampus after SNI (n = 3). Nuclei were stained with Dapi (blue). Scale bar: 50 um and 10

um for detail. All data are presented as mean = SEM. Student’s #-test, ****P < (0.0001, n=5 per

group.
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684  Fig. 3 SNI induced neuroinflammation and M1 microglia polarization in the hippocampus
685  (A) Representative images of immunofluorescence staining with Ibal in the hippocampus sections
686  of the Sham and SNI mice. Nuclei were stained with Dapi. Scale bar: 200 um and 50 pm, for
687  detail. (B) Quantification of the mean fluorescent intensity of Ibal-positive cells in the
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hippocampus (n = 4). (C) Quantification of the number of Ibal-positive cells per square millimeter

in the hippocampus (n = 4). (D) Measurement of the levels of pro-inflammatory cytokines TNF-a,

IL-1B, and anti-inflammatory cytokines IL-10, IL-4 in the hippocampus (n = 3). (E)

Representative western blot images and quantification of expression levels of M1 microglia

markers, including CD16, CD32, and iNOS in the hippocampus of the Sham and SNI groups (n =

5). (F) Representative western blot images and quantification of expression levels of M2 microglia

markers, including TGF-B, Arg-1, and CD206 in the hippocampus of the Sham and SNI groups (n

=5). (G) Double immunofluorescence staining of microglia (Ibal, green) with M1 marker (CD68,

red) in the hippocampus. Nuclei were stained with Dapi. Scale bar: 50 um. (H) Quantification of

the percentage of CD68 and Ibal double-positive cells in the hippocampus (n = 4). (I) Double

immunofluorescence staining of microglia (Ibal. green) with M2 marker (Arg-1, red) in the

hippocampus. Nuclei were stained with Dapi. Scale bar: 50 pum. (J) Quantification of the

percentage of Arg-1 and Ibal double-positive cells in the hippocampus (n = 4). All data are

presented as mean + SEM. Student’s ¢-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,

n = 3-5 per group.
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Fig. 4 SNI decreased synaptic plasticity-related proteins and suppressed the PI3K/AKT
signaling pathway
(A) Representative western blot images and quantification for synaptic proteins including PSD95,
SYN1, and BDNF in the hippocampus (n = 5). (B) Representative western blot images of p-PI3K
and PI3K expression levels and quantification for the ratio of p-PI3K/PI3K (n = 5). (C)

Representative western blot images of p-AKT and AKT expression levels and quantification for

the ratio of p-AKT/AKT (n = 5). All data are presented as mean £ SEM. Student’s ¢ test. ***P <

0.001, ****P < 0.0001, n =5 per group.
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Fig. 5 LXRs agonist T0901317 effectively improved the cognitive dysfunction of SNI mice

(A) Experimental designs and animal groups in administration of LXRs agonist T0901317 (30
mg/kg, i.p.). (B) Mechanical allodynia was evaluated by MPWT (n = 9). (C) Time spent with
familiar object A and novel object C after administration of T0901317 (n = 9). (D) Discrimination
ratio in NORT testing phase (n = 9). (E) Representative exploration traces in the NORT. (F-H)
Representative western blot images and quantification of expression levels of LXRs (LXRa and
LXRp) and PI3K/AKT pathway related-proteins in the hippocampus after administration of
T0901317 (n=5). All data are presented as mean + SEM. Two-way ANOVA, followed by Turkey
post-hoc test. *P < 0.05, ¥*P < 0.01,***P < 0.001 , ****P < 0.0001, ##P < 0.01, ###P < 0.001,
##H#P < 0.0001, n = 5-9 per group. V: Vehicle. T090: T0901317.
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Fig. 6 Effects of LXRs agonist T0901317 on hippocampal neuroinflammation, microglia

polarization, and synaptic plasticity in SNT mice

(A) Representative images of immunofluorescence staining with Ibal in the hippocampus sections

after using T0901317. Nuclei were stained with Dapi. Scale bar: 200 pm. (B) Quantification of the

mean fluorescent intensity of Ibal-positive cells in the hippocampus (n = 4). (C) Quantification of
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the number of Ibal-positive cells per square millimeter in the hippocampus (n = 4). (D)

Measurement of the levels of pro-inflammatory cytokines TNF-a, IL-1f, and anti-inflammatory

cytokines IL-10, IL-4 in the hippocampus after T0901317 treatment (n = 3). (E) Representative

western blot images and quantification for expression levels of M1 microglia markers iNOS,

CD16, CD32, and M2 markers CD206, TGF-B, Arg-1 in the hippocampus (n = 5). (F) Double

immunofluorescence staining of microglia (Ibal, green) with M1 marker (CD68, red) in the

hippocampus. Nuclei were stained with Dapi. Scale bar: 50 pm. (G) Double immunofluorescence

staining of microglia (Ibal, green) with M2 marker (Arg-1, red) in the hippocampus. Nuclei were

stained with Dapi. Scale bar: 50 pum. (H) Quantification of the percentage of CD68 and Ibal

double-positive cells in the hippocampus (n = 4). (I) Quantification of the percentage of Arg-1 and

Ibal double-positive cells in the hippocampus (n = 4). (J) Representative western blot images and

quantification of synaptic proteins including PSD95, SYN1, and BDNF in the hippocampus after

using T0901317 (n = 5). All data are presented as mean = SEM. Two-way ANOVA, followed by

Turkey post-hoc test. *P < 0.05, **P < 0.01,***P < 0.001 , ****P < (0.0001, #P < 0.01, ###P <

0.001, #H##P < 0.0001, n = 3-5 per group.
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Fig. 7 LXRs antagonist GSK2033 reversed the memory improvement induced by T0901317
in SNI mice (A) Experimental designs and animal groups in administration of LXR antagonist
GSK2033 (0.3 mg/kg, i.c.v.) and agonist T0901317 (30 mg/kg, i.p.). (B) Mechanical allodynia
was evaluated by MPWT (n = 9). (C) Time spent with familiar object A and novel object C in the
NORT testing phase (n = 9). (D) Discrimination ratio in the NORT testing phase (n =9). (E)
Representative exploration traces in the NORT. (F-H) Representative western blot images and
quantification of LXRs and PI3K/AKT pathway-related proteins in the hippocampus of the SNI
group after using GSK2033 and T0901317 (n = 5). All data are presented as mean + SEM. Two-

way ANOVA, followed by Turkey post-hoc test. *P < 0.05, **P < 0.01, n = 5-9 per group. GSK:
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Fig. 8 Effects of LXRs antagonist GSK2033 on neuroinflammation, microglia polarization,
and synaptic plasticity following T0901317 administration

(A) Representative images of immunofluorescence staining with Ibal in the hippocampus sections
after using GSK2033 and T0901317. Scale bar: 200 pm. (B) Quantification of the mean
fluorescent intensity of Ibal-positive cells in the hippocampus (n = 4). (C) Quantification of the
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number of Ibal-positive cells per square millimeter in the hippocampus (n = 4). (D) Measurement

of the levels of pro-inflammatory cytokines TNF-a, IL-1p, and anti-inflammatory cytokines IL-10,

IL-4 in the hippocampus after using GSK2033 and T0901317 (n = 3). (E) Representative western

blot images and quantification of expressions of M1 microglia markers iNOS, CD16, CD32, and

M2 markers CD206, TGF-B, and Arg-1 in the hippocampus (n = 5). (F) Double

immunofluorescence staining of microglia (Ibal, green) with M1 marker (CD68, red) in the

hippocampus. Nuclei were stained with Dapi. Scale bar: 50 pm. (G) Double immunofluorescence

staining of microglia (Ibal, green) with M2 marker (Arg-1, red) in the hippocampus. Nuclei were

stained with Dapi. Scale bar: 50 pum. (H) Quantification of the percentage of CD68 and Ibal

double-positive cells in the hippocampus (n = 4). (I) Quantification of the percentage of Arg-1 and

Ibal double-positive cells in the hippocampus (n = 4). Nuclei were stained with Dapi. Scale bar:

50 um. (J) Representative western blot images and quantification of synaptic proteins including

PSD95, SYNI, and BDNF in the hippocampus of SNI mice after using GSK2033 and T0901317

(n = 5). All data are presented as mean + SEM. Two-way ANOVA, followed by Turkey post-hoc

test. *P <0.05, **P <0.01, ***P <(0.001, n = 3-5 per group.
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Fig. 9 PI3K inhibitor LY294002 blocked the cognitive improvement induced by T0901317 in

SNI mice and exacerbated hippocampal neuroinflammation

(A) Experimental designs and animal groups after administration of PI3K inhibitor LY294002

(10mM, i.c.v.) and agonist T0901317 (30 mg/kg, i.p.). (B) Mechanical allodynia was evaluated by

MPWT after using LY294002 and T0901317 (n = 9). (C) Time spent with familiar object A and

novel object C in the NORT testing phase (n = 9). (D) Discrimination ratio in the NORT testing

phase (n =9). (E) Representative exploration traces in the NORT. (F) Representative images of

immunofluorescence staining with Ibal in the hippocampus sections of SNI mice after using
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LY?294002 and T0901317. Scale bar: 200 um. (G) Quantification of the mean fluorescent intensity

of Ibal-positive cells in the hippocampus (n = 4). (H) Quantification of the number of Ibal-

positive cells per square millimeter in the hippocampus (n = 4). (I) Measurement of the levels of

pro-inflammatory cytokines TNF-a, IL-1B, and anti-inflammatory cytokines IL-10, IL-4 in the

hippocampus after using LY294002 and T0901317 (n =3). All data are presented as mean + SEM.

Two-way ANOVA, followed by Turkey post-hoc test. ¥*P < 0.05, **P < 0.01, ***P < 0.001, ****P

< 0.0001. n = 3-9 per group. LY: LY294002.
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Fig. 10 Effects of PI3K inhibitor LY294002 on microglia polarization and synaptic plasticity

following T0901317 administration in SNI mice

(A) Representative western blot images and quantification of expressions of M1 microglia

markers iNOS, CD16, CD32, and M2 markers CD206, TGF-f, and Arg-1in the hippocampus of

the SNI group after using L'Y294002 and T0901317 (n = 5). (B) Double immunofluorescence

staining of microglia (Ibal, green) with M1 marker (CD68, red) in the hippocampus. Nuclei were

stained with Dapi. Scale bar: 50 pm. (C) Double immunofluorescence staining of microglia (Ibal,
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green) with M2 marker (Arg-1, red) in the hippocampus. Nuclei were stained with Dapi. Scale bar:

50 um. (D) Quantification of the percentage of CD68 and Ibal double-positive cells in the

hippocampus (n = 4). (E) Quantification of the percentage of Arg-1 and Ibal double-positive cells

in the hippocampus (n = 4). (F) Representative western blot images and quantification of synaptic

proteins including PSD95, SYNI, and BDNF in the hippocampus after using LY294002 and

T0901317 (n =5). All data are presented as mean + SEM. Two-way ANOVA, followed by Turkey

post-hoc test. *P < 0.05, **P < 0.01, ***P < 0.001. n = 4-5 per group.
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Fig.11 A schematic illustration of the proposed mechanism for activation of LXRs to

alleviate neuropathic pain-induced cognitive dysfunction

Activation of LXRs by agonist T0901317 promoted microglia polarization from M1 to the M2

phenotype, attenuated inflammatory response, and increased synaptic proteins in the hippocampus

via the PI3K/AKT signaling pathway, which eventually improved the neuropathic pain-induced

cognitive dysfunction. The neuroprotective effects of T0901317 can be reversed by LXR

antagonist GSK2033 and PI3K inhibitor LY294002.
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