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Abstract
Background  Neuropsychiatric systemic lupus erythematosus (NPSLE) often manifests as cognitive deterioration, 
with activated microglia and blood-brain barrier (BBB) disruption implicated in these neurological complications. Wnt-
inhibitory factor-1 (WIF-1), a secreted protein, has been detected in the cerebrospinal fluid (CSF) of NPSLE patients. 
However, the contribution of WIF-1 in contributing to lupus cognitive impairment remains poorly understood.

Methods  Using MRL/MpJ-Faslpr (MRL/lpr) lupus-prone mice and TLR7 agonist imiquimod (IMQ)-induced lupus 
mice, recombinant WIF-1 protein (rWIF-1) and adeno-associated virus (AAV) encoding sh-WIF-1 were administered 
via intracerebroventricular injection. Behavioral tests, histopathological examinations, flow cytometry, and molecular 
biology techniques were employed to investigate the underlying mechanisms.

Results  Microinjection of rWIF-1 exacerbated cognitive deficits and mood abnormalities, increased BBB leakage 
and neuronal degeneration, and caused aberrant activation of microglia and synaptic pruning in the hippocampus. 
Conversely, lupus mice injected with AAV-shWIF-1 exhibited significant remission. In vitro, rWIF-1 induced 
overactivation of microglia with an increased CD86+ pro-inflammatory subpopulation, upregulated phagocytic 
activity, and excessive synaptic engulfment, contributing to increased BBB permeability. Furthermore, WIF-1 exerted 
its biological effects through the CRYAB/STAT4 pathway, transcriptionally decreasing SHH production. We also 
identified that symmetric dimethylarginine (SDMA) could alleviate rWIF-1-induced microglial activation and BBB 
damage, thereby restoring SHH levels.

Conclusions  In conclusion, WIF-1 exacerbates lupus-induced cognitive dysfunction in mice by triggering aberrant 
microglial activation and BBB disruption through the CRYAB/STAT4-SHH axis, highlighting the potential therapeutic 
effects of SDMA for the treatment of NPSLE.
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Introduction
Neuropsychiatric systemic lupus erythematosus (NPSLE) 
is a severe central nervous system involvement of sys-
temic lupus erythematosus (SLE) [1], and stands as the 
second leading cause of death among lupus patients [2]. 
In 1999, the American College of Rheumatology (ACR) 
elucidated nineteen distinct neuropsychiatric syndromes 
attributable to SLE, which can be subdivided into focal 
(e.g., stroke, movement disorders) and diffuse (e.g., anxi-
ety disorder, cognitive dysfunction) symptoms [3]. Subse-
quently, Ainiala et al. revised the initial clinical diagnostic 
classification in 2001 [4]. According to published esti-
mates, up to 95% of SLE patients experience these mani-
festations heterogeneously [5, 6]. Multiple studies have 
consistently demonstrated that cognitive deficits, includ-
ing mood and anxiety disorders, learning, and memory 
impairment, are the most frequent NPSLE symptoms, 
often presenting in patients with an inflammatory phe-
notype [6, 7]. These symptoms are insidious and typically 
develop slowly over time, independent of disease activity 
[8]. However, the limited understanding of pathophysi-
ological mechanisms has hindered the discovery of spe-
cific biomarkers, which are essential for the gold standard 
of NPSLE diagnosis [9].

The blood-brain barrier (BBB) serves as a protective 
shield that safeguards the central nervous system against 
the infiltration of detrimental external substances. Endo-
thelial tight junctions and specific transcellular/efflux 
transport systems form the primary barrier against tox-
ins, pathogens, peripheral inflammation, and immune 
cells. During the pathological process, BBB function 
deteriorates contributing to cognitive impairment and 
neurologic disorders [10–12]. An association has been 
reported between extensive BBB leakage and cogni-
tive impairment in SLE patients [13]. We also observed 
that the intraperitoneal injection of a highly piperazine-
derived compound, K-7174, improved cognitive dys-
function in lupus-prone mice by directly acting on brain 
microvascular endothelial cells and reducing the perme-
ability of the BBB [14]. Microglia, along with endothelial 
cells, pericytes, astrocytes, and neuroblasts, constitute 
the fundamental unit of the BBB, known as the neurovas-
cular unit, which regulates and maintains barrier func-
tion [15, 16], The activation and subsequent coordination 
of microglia play an early role in various neurodegenera-
tive disease-related BBB damage [17–20]. Their ablation 
can adversely influence BBB integrity via the release of 
cytokines, reactive oxygen species, or matrix metallopro-
teinases (MMPs) [21]. In lupus-prone mice (NZB/NZW, 
MRL/lpr, and FcγRIIB−/−Yaa), microglial cells abnormally 
activate in the hippocampal area, exhibiting a spectrum 
of pathogenetic properties including increased release of 
cytokines and chemokines, and enhanced antigen pre-
sentation, leading to worsening depression and cognitive 

dysfunction [22–26]. Even in the early stage of NPSLE, 
microglia show abnormal activation, disrupting neuronal 
formation despite an intact BBB [26]. In conclusion, acti-
vation of microglia in NPSLE regulates BBB remodeling, 
and inhibition of microglia activation is of great signifi-
cance to protect BBB integrity.

Beyond these effects, the drivers of aberrant behaviors, 
BBB disruption, and particularly, microglial phenotype in 
lupus progression remain unclear. In our previous stud-
ies, various omics techniques were employed to screen 
the comprehensive expression profile of lncRNAs, mes-
senger RNAs (mRNAs), and proteins in NPSLE patients, 
active SLE patients who had never experienced neuro-
psychiatric manifestations (Non-NPSLE), and healthy 
controls [27–29].We identified an abnormal level of the 
secreted protein Wnt-inhibitory-factor-1 (WIF-1) in 
the cerebrospinal fluid (CSF) of NPSLE patients. While 
WIF-1 expression is mainly present in the heart, lungs, 
eyes, and brain of adult mice, albeit at lower levels, it 
has been confirmed that WIF-1 directly contributes to 
myelination and hippocampal development [30, 31]. 
Aberrant expression of WIF-1 is strongly linked to cog-
nitive deficits and an increased risk of dementia [32–34]. 
Additionally, Niu et al. found that the secretion of WIF-1 
disrupts endothelial tight junction integrity, exacerbating 
BBB permeability and inducing central nervous system 
(CNS) inflammation [35]. Intriguingly, the downregula-
tion of WIF-1 expression may potentially enhance the 
proliferation and adhesion capabilities of CD4+ T cells in 
patients with SLE, providing new insight as a diagnostic 
marker [36]. However, the underlying cellular and molec-
ular mechanisms by which WIF-1 leads to NPSLE remain 
elusive.

This study aims to investigate the interplay between 
WIF-1 and the progression of NPSLE using TLR7 agonist 
imiquimod (IMQ)-induced and MRL/MpJ-Faslpr (MRL/
lpr) spontaneous lupus-prone mouse models. Firstly, 
we assessed the effects of intraventricular injection of 
recombinant WIF-1(rWIF-1) and AAV-shWIF-1 on the 
neurobehavioral phenotype and BBB function in vivo. 
To elucidate WIF-1-related BBB leakage, we assessed 
microglia activation, synapse engulfment, and co-cul-
turing of brain endothelial cells. Here, we provide evi-
dence that WIF-1 exacerbates the progression of NPSLE 
through the CRYAB/STAT4-SHH axis, which may pro-
vide a potential therapeutic strategy to combat lupus 
cerebritis-associated BBB leakage.

Materials and methods
Reagents
Recombinant WIF-1 protein (50984-M08H, Sino Bio-
logical Inc., Beijing, China); ChIP Kits (53009 & 53035, 
Active Motif, Shanghai, China). Western Blot or Immu-
nofluorescence Antibodies: WIF-1 Protein Primary 
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Antibody (ab155101, Abcam, Cambridge, UK), ZO1 
Protein Primary Antibody (21773-1-AP, Proteintech, 
Chicago, USA), Occludin Protein Primary Antibody 
(13409-1-AP, Proteintech), Albumin Protein Primary 
Antibody (16475-1-AP, Proteintech), SHH Protein Pri-
mary Antibody (R25772, Zen-Bioscience, Chengdu, 
China), STAT4 Protein Primary Antibody (6775, Cell Sig-
naling Technology, Massachusetts, USA), PSD95 Protein 
Primary Antibody (20665-1-AP, Proteintech), SYN1 Pro-
tein Primary Antibody (340966, Zen-Bioscience), CRYAB 
Protein Primary Antibody (15808-1-AP, Proteintech), 
LAPM1 Protein Primary Antibody (516894, Zen-Biosci-
ence, Chengdu, China), IBA-1 Protein Primary Antibody 
(382207, Zen-Bioscience, Chengdu, China). Primers were 
obtained from Nanjing Sipujin Biotechnology Co., Ltd.

Adeno-associated virus (AAV) construction
The construction of the adeno-associated virus (AAV) 
used in this study followed the protocol previously 
reported by Piras et al. (2016). Briefly, AAV9 carrying the 
U6 promoter driving the expression of shRNA target-
ing WIF-1 (AAV9-U6 promoter-shWIF-1, indicated as 
shWIF-1). The shWIF-1 was produced by Nanjing Zebraf-
ish Biotech Co., Ltd. (gene silencing sequence: 5’-​G​C​T​A​G​
A​G​T​G​C​T​C​A​T​A​G​G​A​T​T​T-3’). In order to serve as a con-
trol, vectors encoding a scrambled nucleotides sequence 
were used (5’-​C​C​T​A​A​G​G​T​T​A​A​G​T​C​G​C​C​C​T​C​G-3’).

Animal models and treatment
Female MRL/lpr, MRL/mpj and C57BL/6 mice, aged 6 to 
8 weeks, were obtained from Cavens Biotechnology Co., 
Ltd. (Nanjing, China) and housed in a specific pathogen-
free facility with a relative humidity of 55 ± 5%, room tem-
perature of 22 ± 2℃, and a 12-hour light/dark cycle. The 
animals were allowed free access to drinking water and 
were acclimatized to the housing conditions for at least 
one week. To establish the IMQ-induced lupus mouse 
model, thirty C57BL/6 female mice were randomly 
divided into the following three groups: CON + PBS 
(n = 10), IMQ + PBS (n = 10), and IMQ + rWIF-1 (n = 10). 
As shown in Fig.  1A, the right ears of the mice in the 
IMQ + PBS and IMQ + rWIF-1 groups were topically 
treated with 1.25  mg of 5% IMQ cream (Keyi Pharma-
ceutical Co., Ltd., China) three times weekly from week 0 
to 8, while the equivalent amount of petroleum jelly was 
applied to the CON + PBS group [37]. In week 4 and 8, the 
IMQ + rWIF-1group received intraventricular injections 
of rWIF-1 as previously reported [38]. The CON + PBS 
and IMQ + PBS groups were treated with an equivalent 
volume of PBS. At week 8, mice were anesthetized with 
2.0% isoflurane (vol/vol) in a 600 cc/min oxygen flow via 
inhalation, and then perfused with cold PBS. Brains were 
extracted, one half were stored in a hypothermic envi-
ronment for RNA sequencing, western blot (WB), and 

enzyme-linked immunosorbent assay (ELISA), and the 
other half were fixed in the paraformaldehyde (PFA), pre-
paring for the paraffin section.

To establish the MRL/lpr lupus-prone mouse model, 
twenty-four MRL/lpr mice were randomly divided into 
two groups: MRL/lpr + Vector (MRL/lpr + AAV9-Vec-
tor, n = 12) and MRL/lpr + shWIF-1 (MRL/lpr + AAV9-
shWIF-1, n = 12), with MRL/mpj mice treated with 
AAV9-vector serving as the MRL/mpj + Vector group 
(n = 12). As shown in Fig.  2A, at 10 weeks of age, mice 
were anesthetized with 2.0% isoflurane (vol/vol) in 
600  cc/min oxygen flow via inhalation, and then each 
mouse received an injection of 3 µL (5E10 vg) viruses. 
The intracerebroventricular (ICV) injection were 
performed perpendicular to the skull (x = 0.8  mm, 
y = 0.2 mm, z = 2 mm) using a microprocessor-controlled 
mini-pump  (World Precision Instruments, Sarasota, 
FL, USA), delivery was performed at a rate of 500 nL/
min. After injection, the needle was left in place for 
5  min prior to slowly retracting it from the ventricles. 
Afterward the mice were left underneath a warm light 
to recover their mobility [39]. The mice in the MRL/
lpr + shWIF-1 group received intraventricular injections 
of shWIF-1 virus, while the MRL/lpr + Vector and MRL/
mpj + Vector groups were treated with an equivalent vol-
ume of AAV9-vector. At 20 weeks of age, animal tissue 
samples were collected as described above.

Coat Score: As described in the literature [40], the 
cleanliness of the mouse coat is indicative of self-care 
behavior. A quantitative scale was used to assess the fur 
condition, evaluating seven different body regions: head, 
neck, back fur, tail, forelimbs, hindlimbs, and ventral 
fur. Clean and neat fur received a score of 0, intermedi-
ate status received a score of 1, and dirty or abnormal 
fur received a score of 2. The scores for each region were 
summed to obtain the total score for fur condition. Sta-
tistical analysis was performed on the average values of 
the results.

All animal experimental procedures were performed 
under Brazilian Federal Law 1.794/2008 for the scien-
tific use of animals and approved by the Institutional 
Animal Care and Use Committee of the Affiliated Drum 
Tower Hospital of Nanjing University Medical School 
(2023AE01037).

Functional behavioral tests
Y-maze
Objective  To evaluate spatial working memory by 
recording spontaneous alternations.

Maze Structure  The Y-maze had arms labeled A, B, and 
C (35 cm, 10 cm, and 15 cm, respectively) with an angle 
of 120° between the arms. The Y-maze test was performed 
as described by Choi [41]. Procedure: Mice were allowed 
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to freely explore the maze for 8  min, and the AnyMaze 
system recorded arm entries. A successful alternation was 
defined as a non-repeated consecutive entry (e.g., ABC, 
BCA, CAB). The inside of the Y-maze was cleaned with 
75% ethanol between trials and allowed to dry. Arm entry 
was defined as the entry of the whole body into an arm.

Calculation  The percentage of spontaneous alternations 
= (Successful alternations / (number of total arm entries 
− 2)) × 100%.

Fear conditioning test
Objective  Evaluate fear responses and assess the reten-
tion of contextual and cue memory in mice by recording 
freezing time.

Method  Mice were individually placed into a dark cham-
ber (25 × 25 × 25 cm) for fear conditioning tests, where the 
chamber floor was constructed of stainless steel rods con-
nected to an electronic stimulator [42]. The experimen-
tal design comprised three phases: training, contextual 
memory testing, and cue memory testing. During the 
training phase, following a 3-minute exploration in the 
chamber, mice were exposed to a 100 dB, 4000 Hz sound 
stimulus for 30 s, culminating in a 0.8 mA electric shock 
delivered in the final 2 s.

For contextual memory testing, conducted 24 h after the 
previous day’s experiment, mice were placed in the same 
experimental chamber for 3  min without sound, and 
their freezing behavior was recorded. For cue memory 
testing, performed 2 h after contextual memory testing, 

Fig. 1  Intracerebroventricular injection of rWIF-1 exacerbates abnormal behavior in IMQ mice. (A) Schematic representation of the IMQ mouse model, 
with WIF-1 administered via intracerebroventricular injection at weeks 4 and 8. The control group received PBS injections of the same volume. Behavioral 
tests were conducted on the day following each injection, with analysis performed at the conclusion of the final behavioral assessment. (B, C) Open Field 
Test (OFT) in the IMQ mouse model at week 8. (D, E) Elevated Plus Maze (EPM) test in the IMQ mouse model at week 8. (G, J) Y-maze test in the IMQ mouse 
model at week 8. (H) Contextual fear conditioning in the IMQ mouse model. *: P < 0.05; **: P < 0.01; ***: P < 0.001
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mice were placed in a different environment with altered 
board color and lighting for 3  min. Subsequently, they 
were exposed to the same sound stimulus for 30  s. The 
percentage of freezing time during sound presentation 
was recorded for each group.

Calculation  Data were analyzed using Packwin 2.0 
software.

Open field test (OFT)
Objective  Evaluate anxiety and depression by recording 
distance in the centre and time in the centre zone.

Method  As previously mentioned [43], the mice were 
placed alone in the centre of a 30 cm × 30 cm × 30 cm 
square open chamber for 30 s. Subsequently, the experi-
menter left the area, and the mice’s activities in the central 
zone, total distance travelled, and average speed within 

the open field were recorded using video cameras for a 
duration of 5 min. Following each trial, the testing appa-
ratus was meticulously cleaned with 70% alcohol to elimi-
nate potential olfactory interference from the preceding 
mouse, thereby ensuring unbiased subsequent trials. 
Throughout the experimental procedure, a quiet environ-
ment was maintained to minimize any stimuli that could 
impact the mice’s behavior.

Calculation  The different parameters measured, includ-
ing total distance travelled in the whole arena, percentage 
of time spent in the centre of the arena, average velocity, 
and resting time, were analyzed using the associated soft-
ware Any-maze (Stoelting Co., USA).

Elevated plus maze (EPM)
Objective  Evaluate anxiety and depression by recording 
time in the open zone and counts in open arm entries.

Fig. 2  Knockdown of WIF-1 in the brain using AAV alleviates abnormal behavior in MRL/lpr mice. (A) Schematic representation of the MRL/lpr mouse 
model, with AAV administered via intracerebroventricular injection at 9–10 weeks. Behavioral tests were conducted at 13, 16, and 20 weeks, with analysis 
performed at the conclusion of the final behavioral assessment. (B, C) OFT in the MRL/lpr mouse model at 20 weeks. (D, E) EPM test in the MRL/lpr mouse 
model at 20 weeks. (F, G) Y-maze test in the MRL/lpr mouse model at 20 weeks. (H) Contextual fear conditioning in the MRL/lpr mouse model at 20 weeks. 
*: P < 0.05; **: P < 0.01; ***: P < 0.001; ****: P < 0.0001
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Method  In the same way as before [44], the animals were 
gently placed in the central zone of the apparatus, fac-
ing an open arm, after which the experimenter promptly 
and quietly withdrew. Subsequently, the trajectory move-
ments of the animals within the elevated plus maze appa-
ratus were monitored using the Any-maze system, with 
the experimental duration set at 5 min.

Calculation  The percentage of time spent by the mice on 
the open arm and the frequency of entries into the open 
arm were calculated and analyzed.

Flow cytometry analysis
For mouse brain microglial cell detection, established 
methods as described in previous literature [39] were 
followed. In brief, mouse hippocampal/medial prefron-
tal cortex (mPFC) tissues were homogenized, filtered 
through a 70  μm cell strainer, and sorted by myelin 
removal beads. The cell suspension was then incubated 
with antibody dilutions (CD11b-PE CF594, CD45-PerCP, 
CD86-PE Cy7, LAMP1-PE), and washed twice with PBS 
for subsequent evaluation.

For the phagocytosis assay, cells were first starved 
with DMEM containing 1% serum for 24 h, then mixed 
with 0.1  µg/ml pHrodo™Green Zymosan Bioparticles 
(Q-0056648, Thermo Scientific) and complete medium 
(5% serum). BV2 mouse microglia were treated for 2 h at 
37 ℃. The medium was discarded, and the cells were col-
lected for later examination. Finally, all cell samples were 
analyzed using flow cytometry (Cytek Aurora, Cytek 
Biosciences, USA), and data were processed with FlowJo 
software (BD Biosciences).  The t-distributed stochastic 
neighbor embedding (tSNE) was set with Barnes-Hut 
gradient algorithm, iteration of 1000, perplexity of 30, 
learning rate of 847 by flowjo plugin tSNE.

Cell culture and RNA sequencing (RNA-seq)
Mouse brain microvascular endothelial cell line (bEnd.3), 
mouse neuronal cell line (HT22), and mouse microglia 
cell line (BV2) were respectively cultured in DMEM con-
taining 10% fetal bovine serum at 37 °C with 5% carbon 
dioxide. Cells were passaged every 2 to 3 days at 80% 
confluency. For RNA-seq analysis, BV2 cells were treated 
with or without rWIF-1 (1 µg/ml) for 24 h. The number 
of biological replicates was 3 for each condition. Total 
RNA was extracted using Trizol Reagent (Invitrogen, Life 
Technologies Corporation) according to the manufactur-
er’s instructions. RNA quantity and purity were assessed 
with a Nanodrop 2000 spectrophotometer (Thermo Sci-
entific). Transcriptome libraries were generated using 
the TruSeqTM RNA sample preparation Kit (Illumina, 
San Diego, CA) with 5 µg of total RNA. The library size 
was selected on 2% Low Range Ultra Agarose followed 
by PCR amplification using Phusion DNA polymerase 

for 15 PCR cycles. Paired-end sequencing was performed 
on the HiSeq 2500 Platform (NovelBio Corp. Laboratory, 
Shanghai). The raw paired-end reads were trimmed and 
quality-controlled by SeqPrep and Sickle with default 
parameters. Clean reads were separately aligned to the 
reference genome using the orientation mode of TopHat 
(version 2.0.10) software [45]. To identify differentially 
expressed genes (DEGs) between two groups, the expres-
sion level of each transcript was calculated according to 
the fragments per kilobase of exon per million mapped 
reads (FPKM) method, using Cufflinks (version 2.1.1) 
[46]. The criteria for differential expression were a log2 
fold-change of > 0.58 or < − 0.58 and a Q value < 0.05.

Chromatin immunoprecipitation (ChIP)
Following the ChIP Kit protocol (Millipore), ChIP assays 
were performed using antibodies against an IgG control 
(2729, Cell Signaling Technology) and STAT4 (6775, Cell 
Signaling Technology). In brief, 2 × 106 cells were cross-
linked with formaldehyde to covalently link chromatin 
proteins with nucleic acids. The cross-linked cells were 
then lysed to isolate the nuclei, and nuclear extracts 
containing chromatin were obtained. Using STAT4 anti-
bodies, the target chromatin proteins were selectively 
immunoprecipitated, forming antigen-antibody com-
plexes. After washing away non-specifically bound pro-
teins and nucleic acids, the precipitated complexes were 
eluted. The cross-linked nucleic acids and proteins were 
then separated and reverted to their original states. DNA 
was extracted from the precipitates, and qPCR was used 
to measure enrichment compared to input relative to 
either a no-antibody or IgG control.

Luciferase reporter assay
The promoter capabilities of the SHH promoter region, 
located 2000 bases upstream of the 5’UTR, were assessed 
using the Dual-Luciferase expression assay (Vazyme, 
Nanjing) according to the manufacturer’s instructions. 
Briefly, SHH promoter constructs were cloned into the 
pGL3-promoter vector, and HEK293T cells were tran-
siently transfected with a pGL3 vector, a Renilla control 
vector (using a 1:10 dilution), and with or without the 
pcDNA3 empty vector or the pcDNA3-STAT4 expres-
sion vector (Gene Technology Co., Ltd.). The SHH pro-
moter construct sequences for each site were as follows: 
Site 1 (860–873): ​T​T​T​C​T​G​G​A​A​A​T​T​T​T, SHH-MUT1: ​
T​T​G​C​T​A​G​A​C​A​T​C​G​T; Site 2 (935–948): ​C​T​T​C​T​A​A​G​
A​T​G​C​C​C, SHH-MUT2: ​C​T​G​C​T​C​A​G​C​T​G​A​T​C; Site 3 
(1020–1030): ​T​T​T​C​C​T​T​G​A​A​A​A​T​T, SHH-MUT3: ​T​T​
G​C​C​G​T​G​C​A​A​C​C​T; Site 4 (1110–1123): ​T​T​G​C​T​A​G​G​
A​T​A​G​A​T, SHH-MUT4: ​T​T​A​C​T​C​G​G​C​T​A​A​C​T. Trans-
fections were performed in 24-well plates using 20 µL 
Trans buffer, 0.16 µg plasmid, and 0.5 µg DNA per well. 
After 48  h, cells were harvested and Firefly and Renilla 
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luciferase activities were measured using a microplate 
luminometer (BioTek Synergy HTX). Data are presented 
as relative luciferase units (RLUs) indicating Firefly activ-
ity/Renilla activity and represent an average of three 
independent transfections.

Statistical analysis
All data are presented as mean ± standard error of the 
mean (SEM), with each experiment repeated three times. 
Kolmogorov-Smirnov test was employed to assess the 
normality of the data. For comparisons between the two 
groups, the Student’s t-test is utilized when the continu-
ous variables are normally distributed. Conversely, the 
Mann-Whitney test is applied when the data do not fol-
low a normal distribution. In cases involving multiple 
comparisons, data were analyzed using one-way analysis 
of variance (ANOVA) with a Tukey’s multiple compari-
sons test for normally distributed data and Kruskal–Wal-
lis test for non-normally distributed data. Moreover, we 
established the binary logistic regression models, and 
next used the Pearson’s test for the correlation analysis. 
A p-value less than 0.05 was considered statistically sig-
nificant. Graphs were generated using GraphPad Prism 5 
software (GraphPad Software Inc., CA, USA).

Results
Intraventricular injection of rWIF-1 exacerbates cognitive 
dysfunction and increases mood abnormalities in the 
TLR7-induced lupus model
Environmental factors play a role in the pathogenesis of 
SLE, leading to dysfunctions in both the innate and adap-
tive immune systems. We previously characterized the 
behavioral phenotype of a mouse model induced by the 
TLR7 agonist IMQ. Following eight weeks of IMQ cream 
application, these mice exhibited contextual fear mem-
ory in a fear conditioning paradigm and impaired spatial 
memory in the Morris water maze [47]. Consequently, we 
employed the IMQ murine model to evaluate the effects 
of rWIF-1 on functional behaviors at various time points 
in lupus mice (Fig. 1A). Despite an observed increase in 
serum anti-dsDNA, IgG, and proteinuria in IMQ-treated 
mice, we found no significant changes after intraventric-
ular rWIF-1 treatment, suggesting that rWIF-1 does not 
significantly enhance the B cell inflammatory response or 
mitigate renal tissue damage (Fig. S1A).

Throughout the experiment, the general condition of 
the mice was monitored. Mice receiving rWIF-1 injec-
tions exhibited lower body weight and higher coat scores 
after eight weeks (Fig. S1B-C). To evaluate anxiety and 
depression, the Open Field Test (OFT) and Elevated 
Plus Maze (EPM) were utilized [48]. Anxious mice tend 
to avoid exploration and prefer safer locations, such 
as the outer perimeter of the OFT or the closed arm 
of the EPM. At week 4, the percentage of time spent in 

the center zone and the distance traveled in the cen-
ter in the OFT, as well as the percentage of time in the 
open arm and open arm entries in the EPM, were signifi-
cantly lower in the IMQ + rWIF-1 group compared to the 
IMQ + PBS group (2.754% vs. 6.494%, p < 0.05; 8.909% vs. 
14.090%, p < 0.05; 5.936% vs. 20.69%, p < 0.05; 1.500 vs. 
2.700, p < 0.05, respectively; Fig. S1D-G). These behav-
ioral changes persisted through weeks 6 and 8, indicating 
that rWIF-1 injections exacerbated depressive and anx-
ious behaviors in IMQ mice (Fig. 1B-E, S1D-G).

Cognitive function was assessed using the Y-maze and 
contextual fear conditioning tests [49]. To evaluate spatial 
memory, the spontaneous alternation rates in the Y-maze 
were significantly lower in the IMQ + rWIF-1 group than 
in the IMQ + PBS group from weeks 4 to 8 (P < 0.05) 
(Fig.  1F, G, S1H, I). In the fear conditioning test con-
ducted at week 8, the rWIF-1 group exhibited decreased 
freezing time during the retention test compared to the 
IMQ + PBS group (P < 0.05), indicating an impairment in 
hippocampus-dependent fear memory. However, there 
was no significant difference in the freezing percentage 
in response to auditory stimuli between the rWIF-1 and 
PBS-treated IMQ mice (Fig.  1H). Thus, the fear condi-
tioning test suggests that rWIF-1 may affect long-term 
hippocampus-dependent fear memory but not amygdala-
dependent fear memory [50] in lupus mice. In summary, 
these results indicate that rWIF-1 induces anxiety-like 
and depression-like behaviors, as well as impairments in 
spatial and fear memory, in IMQ-induced lupus mice.

Brain-delivered AAV-shWIF-1 ameliorates NPSLE-like 
behaviors in MRL/lpr lupus-prone mice
MRL/lpr mice develop an “autoimmunity-associated 
behavioral syndrome” [51] as early as five weeks of age, 
which is suggested to mimic NPSLE. Compared to the 
MRL/mpj substrain, a significant number of MRL/lpr 
mice exhibit deficits in emotional reactivity, motivated 
behavior, and learning/memory [52–56]. In order to fur-
ther clarify the role of endogenous WIF-1, we conducted 
AAV-mediated WIF-1 knockdown in the cerebral lateral 
ventricles of MRL/lpr mice at 9–10 weeks of age, the 
starting point of our treatment protocol. WIF-1 expres-
sion levels in brain tissues were significantly reduced in 
the MRL/lpr + shWIF-1 group compared to the MRL/
lpr + Vector group (P < 0.001) (Fig. S2A).

We then evaluated whether reduced WIF-1 protein 
expression could protect mood and cognitive func-
tions at 13, 16, and 20 weeks of age (Fig. 2A). The MRL/
lpr + Vector group exhibited a significant decrease in 
body weight compared to the MRL/mpj + Vector group 
(P < 0.05), whereas the MRL/lpr + shWIF-1 group exhib-
ited a moderate increase in body weight, higher than the 
MRL/lpr + Vector group (P = 0.0229) (Fig. S2B). Regarding 
fur coat scores, WIF-1 knockdown resulted in significant 
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recovery from the low scores observed in the MRL/
lpr + Vector group (Fig. S2C).

The MRL/lpr + shWIF-1 group spent more time and 
covered a longer distance in central exploration in the 
OFT test compared to the MRL/lpr + Vector group (At 
13 weeks, P = 0.0218, P = 0.0058; At 16 weeks, P = 0.0095, 
P = 0.0032; At 20 weeks, P = 0.0448, P = 0.0495) (Fig. 2B, C, 
S2D, E). The EPM test revealed that the MRL/lpr + Vec-
tor group had significantly reduced exploration time 
(P < 0.05) and frequency in the open arms (P < 0.05) com-
pared to the MRL/mpj + Vector group from 13 weeks of 
age. However, the MRL/lpr + shWIF-1 group exhibited 
less anxiety and depression throughout the experiment 
(Fig. 2D, E, S2F, G).

We then proceeded to assess cognitive functions using 
the Y-maze spontaneous alternation task. AAV-shWIF-
1-treated mice showed a significant increase in sponta-
neous alternation ratios compared to MRL/lpr + Vector 
mice (At 13 weeks, P = 0.0100; At 16 weeks, P = 0.0095; 
At 20 weeks, P = 0.0002) (Fig. 2F, G, S2H, I). Additionally, 
the MRL/lpr + shWIF-1 group demonstrated a significant 
recovery in contextual fear freezing behavior, but no sig-
nificant difference in the freezing percentage in response 
to auditory stimuli was found (Fig.  2H), indicating an 
improvement in hippocampus-dependent long-term 
memory. Taken together, these findings indicate that 
knocking down WIF-1 alleviates neurobehavioral abnor-
malities and cognitive dysfunction in MRL/lpr mice.

Reducing WIF-1 levels improves neuronal degeneration 
and alleviates BBB damage in lupus mice
Given that the hippocampus and medial prefrontal cor-
tex (mPFC) are crucial regions for emotion and cogni-
tion [57–59], and that decreased BBB function has been 
observed in lupus-prone mice (CReCOM, NZB/W-F1, 
MRL/lpr) at the disease stage [14, 26, 60], we investi-
gated BBB integrity in these brain regions following 
WIF-1 intervention. Western blot analysis revealed that 
AAV-shWIF-1 interference significantly reduced albu-
min deposition (~ 1.45-fold) and increased the levels of 
ZO1 and occludin proteins (~ 1.69-fold and ~ 1.44-fold, 
respectively) in the hippocampus compared to MRL/
lpr + Vector mice (Fig. 3A). Conversely, rWIF-1 injection 
in IMQ mice resulted in opposite effects (Fig. S3A). Dis-
rupted BBB was also evident in the mPFC (Fig. S3B, C).

We further examined the histopathological structure of 
the hippocampus regions (CA1 and CA3) and the dentate 
gyrus (DG). Consistent with previous reports [39], the 
CA1, CA3, and DG areas in the MRL/lpr + Vector group 
exhibited severe disorganisation, nerve cell degenera-
tion, necrosis, and disintegration. In contrast, the MRL/
lpr + shWIF-1 group showed regular and neatly arranged 
neurons with limited neuronal shrinkage (Fig.  3B). In 
the IMQ model, rWIF-1 injection exacerbated neuronal 

degeneration and death (Fig. S3D). Additionally, Fluoro-
Jade B (FJB) labelling, which stains degenerating neurons 
[61], confirmed decreased neuronal injury in the hippo-
campus following AAV-shWIF-1 treatment in MRL/lpr 
mice (Fig.  3C). The IMQ + rWIF-1 group exhibited the 
highest level of FJB labelling, indicating that reducing 
rWIF-1 could aggravate neuronal degeneration in lupus 
mice (Fig. S3E).

The persistence of high levels of pro-inflammatory 
cytokines is associated with the development of BBB dys-
function [62]. We found that elevated levels of TNF-α 
and IL-6 in the hippocampal region were significantly 
reduced in the MRL/lpr + shWIF-1 group (Fig.  3D, E). 
Notably, we found that the number of CD45hiCD11b− 
cells in the hippocampus significantly increased in MRL/
lpr mice but decreased markedly following shWIF-1 
treatment (Fig. 4A, S4B). These findings further confirm 
that shWIF-1 significantly ameliorates BBB injury and 
inhibits the infiltration of peripheral lymphocytes. Con-
versely, the IMQ + rWIF-1 group exhibited higher TNF-α 
and IL-6 levels than the IMQ + PBS group (Fig. S3F, G), 
as well as an increased number of CD45hiCD11b− cells 
(Fig. S4A, B). These in vivo results suggest that WIF-1 
exacerbates lupus-induced hippocampal BBB impair-
ment, contributing to neuronal degeneration and 
neuroinflammation.

WIF-1 aggravates microglial overactivation in the 
hippocampus of murine lupus
Recent studies have indicated that neuroinflammation 
is a primary pathogenic factor in NPSLE, with microg-
lia being key cells in the inflammatory response [63, 64]. 
Given WIF-1’s effect on increasing levels of inflamma-
tory markers (TNF-α and IL-6) in the lupus-prone hip-
pocampus, we explored the accumulation of activated 
microglia in the damaged area. Microglia were defined 
as CD45loCD11b+, and pro-inflammatory microglia as 
CD45loCD11b+CD86+. Compared with MRL/mpj + Vec-
tor mice, the number of microglia was elevated in the 
hippocampal region of MRL/lpr + Vector mice, along 
with a significant increase in the percentage of CD86+ 
pro-inflammatory microglia (Fig.  4A, B). The percent-
age of CD86+ microglia in the MRL/lpr + shWIF-1 group 
decreased to levels comparable to the MRL/mpj + Vec-
tor group (Fig.  4B). In contrast, exogenous injection 
with rWIF-1 resulted in a large accumulation of CD86+ 
microglia in the hippocampus of IMQ mice (Fig. S4C).

Excessive synaptic pruning is observed in microglial 
overactivation in lupus mice brains, in addition to high 
levels of the microglial activation marker CD86 [39, 65]. 
We further evaluate WIF-1’s effect on synaptic engulf-
ment by microglia in vivo. Imaging and quantitative 
analysis revealed that the number of PSD95+ puncta 
within IBA-1+ microglia was significantly lower in 
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MRL/lpr + shWIF-1 mice than in MRL/lpr + Vector mice 
(Fig.  4C). Western blot analysis also showed decreased 
expression of microglia markers IBA-1 and phagocy-
tosis marker LAMP1 in the hippocampus of the MRL/
lpr + shWIF-1 group, along with a significant increase 
in hippocampal synaptic markers PSD95 and SYN1 

expression (Fig.  4D). Additionally, in the IMQ model, 
the IMQ + rWIF-1 group showed a significant increase 
in the percentage of LAMP1+ microglia compared to the 
IMQ + PBS group (Fig. S4D). In the hippocampal regions, 
rWIF-1 significantly increased LAMP1 and IBA-1 pro-
tein expression, while decreasing PSD95 and SYN1 

Fig. 3  Reduction of WIF-1 in the brain of MRL/lpr mice alleviates neuronal degeneration and BBB damage. (A) Western Blot (WB) analysis assesses the 
expression of albumin and tight junction proteins ZO1 and Occludin in the hippocampus. (B) Hematoxylin-Eosin staining (H&E) reveals the pathological 
condition of the hippocampal region, n = 4, bar = 200–50 μm. (C) Fluoro-Jade B (FJB) assessment of hippocampal neuronal death, bar = 200 μm. (D, E) 
ELISA and q-PCR detect levels of inflammatory factors TNF-α and IL-6 in the hippocampus. *: P < 0.05; **: P < 0.01; ***: P < 0.001; ****: P < 0.0001
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expression (Fig. S4E). Similar changes in protein expres-
sion were observed in the mPFC of lupus mice (Fig. S4F). 
These findings suggest that WIF-1 exacerbates microglial 
overactivation in lupus mice, leading to abnormal prun-
ing of neuronal synapses.

WIF-1 mediates excessive microglial activation associated 
with dysregulation of SHH signaling
At the early stages of NPSLE, microglial activation may 
be a key initiating event [22, 26]. It is known that human 
WIF-1 protein binds sonic hedgehog (SHH) with high 
affinity, effectively inhibiting its downstream signaling 
[66]. The activation of SHH signaling pathway is helpful 
to maintain BBB integrity [67] and promotes macrophage 
polarization towards an anti-inflammatory phenotype 
[68, 69]. In order to ascertain whether microglial SHH 
plays a crucial role in the exacerbation of NPSLE caused 
by WIF-1, we first investigated the correlation between 
SHH molecules and microglia. The results demonstrated 
a negative correlation between the protein expression 

levels of SHH and alterations in the microglial ratio of 
hippocampal samples in MRL/lpr and IMQ-induced 
mice (Fig.  5A). Subsequently, immunofluorescence 
experiments revealed that SHH was distributed around 
microglia in the hippocampal tissue of NPSLE mice. 
Additionally, a significant increase in SHH distribution 
near microglia was observed following the intraven-
tricular injection of shWIF-1 (Fig.  5B). These findings 
indicate that the regulation of microglial abnormalities 
by WIF-1 is closely associated with the SHH signaling 
pathway. Furthermore, we examined the impact of WIF-1 
combined with the SHH signal agonist purmorphamine 
(PUR) on microglial activation and BBB integrity in vitro.

CCK8 assays showed that rWIF-1 concentrations 
below 5  µg/mL did not affect the proliferative activity 
of BV2 murine microglia cells (Fig. S5A). We selected 
a concentration of 1  µg/mL for further experiments. 
After treating BV2 cells with rWIF-1 for 24  h, a sig-
nificant increase in the proportion of pro-inflamma-
tory marker CD86 was observed (Fig.  5C). LAMP1, a 

Fig. 4  Knockdown of WIF-1 mitigates the proliferation and activation of microglial cells in MRL/lpr mice. (A) tSNE representation highlighting identi-
fied hippocampus cell clusters. Flow cytometry quantifies the number of microglial cells, n = 6. (B) Flow cytometry assesses the expression of activation 
protein CD86 in microglial cells, n = 6. (C) Immunofluorescence co-localization of microglial cells (IBA-1) with PSD95 in the hippocampus, bar = 10 μm, 
n = 4. (D) WB assesses the expression of LAMP1, IBA-1, and hippocampal synaptic markers PSD95 and SYN1 in the hippocampus. *: P < 0.05; **: P < 0.01; 
***: P < 0.001; ****: P < 0.0001
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Fig. 5  PUR alleviates abnormal activation of BV2 cells and BBB damage. (A) Correlation between the protein expression level of SHH with microglial ratio 
of hippocampal samples in two types from lupus mice. (B) Immunofluorescence was used to detect the co-location of SHH and microglia, bar = 10 μm, 
n = 4. (C, D) Flow cytometry detects the expression of CD86 and LAMP1 in BV2 cells. (E) Flow cytometry evaluates the ability of BV2 cells to engulf yeast 
glucans. (F) BV2 and HT22 cells were co-cultured at a 1:3 ratio. WB examines the levels of PSD95 and SYN1 expressed by HT22 cells after co-culture. (G) 
Fluorescence intensity of FITC-Dextran was detected in an in vitro BBB permeability assay. (H) WB assesses the expression levels of ZO1 and Occludin in 
bEnd.3 cells in an in vitro BBB model. *: P < 0.05; **: P < 0.01; ***: P < 0.001; ****: P < 0.0001
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phagocytosis-specific marker, also showed increased 
expression in rWIF-1-treated cells (Fig. 5D). The percent-
age of microglia with internalized fluorescent bioparticles 
significantly increased after exposure to pHrodo™ green 
zymosan bioparticles in the presence of rWIF-1 (Fig. 5E).

We subjected rWIF-1-stimulated BV2 and HT22 cells 
to cell-cell interaction models to further evaluate the 
effect of rWIF-1 on microglia-mediated synaptic prun-
ing. The rWIF-1 group showed decreased levels of PSD95 
and SYN1 in HT22 cells compared to the control group 
(Fig.  5F). Brain endothelial cells (ECs) tightly line the 
blood vessels in the CNS, forming a protective struc-
tural barrier [70]. We investigated whether rWIF-1 treat-
ment affected murine brain ECs (bEnd.3 cells) injury in a 
bEnd.3 cells/BV2 cells co-culture. In a BBB permeability 
assay, pretreatment of BV2 cells with rWIF-1 significantly 
increased the fluorescence intensity of FITC-Dextran 
in the lower chamber (Fig.  5G). Western blot analy-
sis revealed that rWIF-1 pre-treatment decreased the 
expression of occludin and ZO1 in co-cultured bEnd.3 
cells. However, pre-treatment with PUR (1.5 µmol/L) sig-
nificantly blocked rWIF-1-induced excessive activation 
of microglia (Fig. 5H). These results indicate that rWIF-1 
induces abnormal activation of microglia by inhibiting 
SHH signaling, leading to disruption of the BBB barrier.

WIF-1 inhibits SHH expression through CRYAB /STAT4 
pathway in overactivated microglial cells
To investigate the potential mechanism by which WIF-1 
regulates SHH, we conducted RNA-seq analysis on BV2 
cells from both the Control group and the rWIF-1 group. 
We further screened the downstream targets regulated by 
WIF-1, combining our findings with a literature review 
(Fig. 6A). Differential expression analysis revealed 71 dif-
ferentially expressed genes (DEGs) (Supplementary Table 
1), among which 10 genes, including CRYAB, exhibited 
the most significant differences (Fig. 6B, C).

Previous studies have implicated CRYAB in apoptosis 
and the regulation of neuronal survival in the nervous 
system [71]. We performed Western blot assays to vali-
date the protein expression levels of CRYAB in rWIF-
1-induced BV2 cells and hippocampal tissues from MRL/
lpr mice and IMQ-treated mice (Fig. 6D). Subsequently, 
we used siRNA to knock down the elevated expression 
of CRYAB induced by rWIF-1 in BV2 cells (Fig.  6E). 
This knockdown resulted in a reduction of CD86+ pro-
inflammatory microglia and decreased phagocytic activ-
ity (Fig.  6F-H). Concurrently, the expression of SHH 
protein also increased (Fig. 6E). These results suggest that 
rWIF-1 activates microglia by upregulating CRYAB and 
downregulating SHH.

Fig. 6  CRYAB mediates abnormal activation of BV2 cells. (A) WIF-1 downstream target gene screening strategy map created with BioRender.com. (B) 
Volcano plot from RNA-seq analysis depicts differentially expressed genes in microglia following rWIF-1 stimulation. (C) Heat map shows the top 10 genes 
in |log2FC|. (D) WB validates CRYAB expression in the hippocampus of both lupus mouse models and BV2 cells. (E) WB confirms the knockdown effect of 
si-CRYAB transfection in BV2 cells and assesses the expression of SHH. (F, G) Flow cytometry assesses the expression of CD86 and LAMP1 in BV2 cells. (H) 
Flow cytometry evaluates the engulfing ability of BV2 cells. *: P < 0.05; **: P < 0.01; ***: P < 0.001
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It is known that SHH expression is regulated by tran-
scription factors [72, 73]. To explore the upstream mol-
ecules affecting SHH expression, we used the JASPAR 
database to predict transcription factors (TFs) regulating 
the SHH promoter and evaluated the expression levels 
of the top 8 potential TFs via qRT-PCR (Fig. 7A). STAT4 
and EGR2 were selected for further investigation. Lucif-
erase reporter gene assays revealed that only STAT4 sup-
pressed the activity of the SHH promoter (Fig. 7B), and 
ChIP assays confirmed the direct binding of STAT4 to 
SHH (Fig. 7C).

Furthermore, JASPAR predicted possible binding sites 
of STAT4 in the SHH promoter region (Fig.  7D). To 

explore this mechanism, we constructed plasmids con-
taining the wild-type (WT) SHH promoter region and 
mutant plasmids targeting four binding sites (MUT1, 
MUT2, MUT3, MUT4). Dual-luciferase assays demon-
strated that STAT4 overexpression significantly inhibited 
luciferase activity when co-transfected with SHH-WT, 
SHH-MUT1, SHH-MUT2, and SHH-MUT4. However, 
co-transfection with SHH-MUT Total, containing muta-
tions in all four sites, showed no significant change in 
luciferase activity. Co-transfection with SHH-MUT3 and 
STAT4 overexpression did not alter luciferase activity 

Fig. 7  CRYAB/STAT4 is a key mediator of WIF-1 in regulating the SHH signaling pathway. (A) Potential transcription factors regulating SHH were pre-
dicted by JASPAR, with qPCR validating their expression patterns. (B) The Luciferase reporter gene validates transcription factors. (C) ChIP assay indicates 
the binding of STAT4 to the SHH promoter in BV2 cells. (D, E) The Luciferase reporter gene demonstrates STAT4 binding to the SHH promoter region at 
1020–1030 bp. (F) Luciferase reporter gene shows SHH transcriptional activity decreases with increasing WIF-1 concentration. (G) WB detects changes in 
the CRYAB/STAT4-SHH axis. *: P < 0.05; **: P < 0.01; ***: P < 0.001
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either, indicating the crucial role of STAT4 in regulating 
SHH in a specific promoter region (879–892 bp) (Fig. 7E).

Additionally, we treated BV2 cells with different 
concentrations of rWIF-1 (0.4, 1.0, 2.5  µg/mL) and 
transfected them with SHH-WT plasmids. As the con-
centration of rWIF-1 increased, luciferase activity gradu-
ally decreased (Fig.  7F), providing further evidence that 
WIF-1 inhibits SHH signaling through STAT4 regula-
tion. Western blot validation in BV2 cells showed that 
rWIF-1 treatment significantly increased the expres-
sion of CRYAB and STAT4 while reducing SHH expres-
sion. However, knocking down CRYAB expression with 
si-CRYAB eliminated the induction of STAT4 and SHH 
(Fig. 7G), further confirming that rWIF-1 transcription-
ally inhibits SHH expression through the CRYAB/STAT4 
pathway.

We also validated the CRYAB/STAT4-SHH axis in 
the hippocampal and mPFC regions of the IMQ mouse 
model, as well as in the MRL/lpr mouse model (Fig. 
S5B, C). These results confirm that the rWIF-1-induced 
CRYAB/STAT4-SHH axis facilitates microglial overacti-
vation in lupus mice.

Symmetric dimethylarginine alleviates WIF-1-induced 
microglial aberrant activation and BBB damage, restoring 
SHH production
Symmetric dimethylarginine (SDMA), a byproduct of 
protein methylation, has been reported to inhibit STAT4 
expression [74]. Thus, we investigated the potential ther-
apeutic effects of SDMA on NPSLE in vitro. CCK8 assays 
showed that SDMA at concentrations below 2.5 µM does 
not affect the proliferative activity of BV2 cells (Fig. 8A). 
We selected 2.5 µM SDMA for subsequent experiments.

Validation of the CRYAB/STAT4-SHH pathway in 
BV2 cells revealed that SDMA reduces the expression 
of STAT4 while increasing SHH expression, without 
significantly affecting CRYAB (Fig.  8B). Furthermore, 
pretreatment with SDMA eliminated rWIF-1-induced 
inflammatory polarisation and phagocytic activity 
(Fig. 8C-E). The rWIF-1 + SDMA group showed a reduc-
tion in the abnormal pruning effect of BV2 on neurons 
compared to the rWIF-1 group, including increased 
expression of PSD95 and SYN1 (Fig.  8F). Additionally, 
tight junction proteins ZO1 and occludin significantly 
increased in the rWIF-1 + SDMA group, leading to 
decreased BBB permeability (Fig. 8G, H). In conclusion, 
SDMA alleviates BV2 abnormal activation and BBB dam-
age by inhibiting STAT4 expression.

Discussion
NPSLE is the second leading cause of death in SLE 
patients [2]. Early diagnosis is challenging, clinical 
treatments are limited, and its pathogenesis remains 
unclear. Among its diverse clinical phenotypes, cognitive 

dysfunction is the most common [75], significantly 
affecting patients’ physical and mental health and their 
quality of life. The identification and mechanistic study 
of biomarkers are crucial for the diagnosis and treatment 
of NPSLE. Based on intraventricular treatment in murine 
NPSLE models, we further elucidated the role and molec-
ular mechanism of the potential biomarker WIF-1 in the 
cognitive impairment observed in lupus mice.

Initially, we confirmed the effect of WIF-1 on cogni-
tive dysfunction in MRL/lpr and IMQ-induced lupus 
mouse models. We injected recombinant WIF-1 (rWIF-
1) or AAV-SHIF-1 into the lateral ventricle to increase 
or reduce WIF-1 expression in the brains of lupus mice, 
confirming that WIF-1 may be a key factor inducing cog-
nitive dysfunction, BBB damage, and microglial activa-
tion in lupus mice. In addition, we evaluated the effect 
of intraventricular injection of shWIF-1 on the periph-
eral immune environment. A semi-quantitative planar 
antibody microarray analysis for murine serum revealed 
a significant decrease in T cell-related cytokines IL-4, 
IL-10 and macrophage cytokine MIP-1α in the MRL/
lpr + shWIF-1 group (Fig. S6A). We further confirmed 
such marked gene expression in Th2 cells and macro-
phages, while no significant effects were observed on 
Th1, Th17, Treg cell subsets or B cells (Fig. S6B-E). These 
results suggest that intracerebroventricular injection of 
shWIF-1 may reduce peripheral inflammation by reduc-
ing Th2 cells and macrophages. This further validated the 
reduction of infiltrating CD45hiCD11b− cells in the hip-
pocampus and the alleviation of BBB damage. Current 
studies indicate that intraventricular injection of PGE2 
can influence the proliferation of blood lymphocytes 
in response to T cell mitogens, suggesting the potential 
involvement of the central nervous system in the func-
tional regulation of the peripheral immune system [76]. 
Further research and exploration are required to validate 
these findings.

Notably, in the early stages of lupus onset (4 weeks 
post-IMQ treatment and 13 weeks in MRL/lpr mice), 
there was a marked exacerbation of anxiety, depression-
like behaviors, and cognitive impairment, which per-
sisted. Behavioral deficits in the MRL/lpr substrain have 
been observed as early as 7 weeks of age [77], coinciding 
with the emergence of humoral autoimmunity but pre-
ceding generalized lymphadenopathy, arthritis, glomeru-
lonephritis, and skin lesions. These findings suggest that 
cognitive impairment may precede typical lupus symp-
toms. It is significant that both increasing and decreas-
ing WIF-1 levels can substantially regulate BBB damage 
and cognitive dysfunction in the early stages of lupus, 
with consistent results observed in both induced and 
autoimmune lupus mouse models. This indicates that 
WIF-1 plays a crucial role in the early induction stage of 
NPSLE, supporting its feasibility as an early diagnostic 
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marker. WIF-1 has been associated with nerve injury and 
behavioural disorders in human schizophrenia [78] and 
Alzheimer’s disease (AD) [79], further suggesting that 
WIF-1 may be a critical factor in the brain damage asso-
ciated with NPSLE.

The loss of BBB integrity is a widely accepted mecha-
nism of SLE-related brain injury [80]. Studies have shown 
that activated microglia, macrophages in brain tissue, 
disrupt BBB permeability during sustained inflammation 
[22], indicating that microglial activation may be a key 
initial event in NPSLE. Our results confirm that WIF-1 
induces the pro-inflammatory phenotype of microg-
lia and enhances their phagocytic activity through the 
CRYAB/STAT4-SHH signaling pathway, thus disrupting 

BBB integrity and leading to neuronal death. This plays 
a significant role in the pathogenesis of lupus encepha-
lopathy. We elucidated the novel molecular mechanism 
of WIF-1, instead of participating in brain injury by 
inhibiting β -catenin signaling pathway [39]. As a small 
heat shock protein, CRYAB’s abnormal expression may 
be related to diseases such as AD and Parkinson’s disease 
(PD) [81, 82], and it is known to play a role in regulating 
brain injury and inflammatory responses [83, 84]. CRYAB 
is reported to be regulated by PI3K/Akt signal transduc-
tion [85] and p38 MAPK dependence [81] in AD, with 
the interaction between CRYAB and STAT3 in astrocytes 
involved in regulating neuroinflammation [71]. We found 
for the first time that CRYAB can positively regulate 

Fig. 8  SDMA alleviates BV2 activation and BBB damage by inhibiting STAT4. (A) CCK8 assay evaluates SDMA impact on BV2 cell proliferation. (B) WB 
detects the expression changes in the CRYAB/STAT4-SHH axis after SDMA treatment in BV2 cells. (C, D) Flow cytometry detects the expression of CD86 
and LAMP1 in BV2 cells. (E) Flow cytometry assesses the ability of BV2 cells to engulf yeast glucan. (F) WB detects PSD95 and SYN1 expression levels in 
the co-culture model of cells. (G) WB detects the expression of ZO1 and Occludin in an in vitro BBB model. (H) In vitro BBB permeability assay. *: P < 0.05; 
**: P < 0.01; ***: P < 0.001; ****: P < 0.0001
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the expression of STAT4 in microglia, and the specific 
molecular mechanism requires further exploration.

STAT4, a pro-inflammatory gene, is mainly expressed 
in microglia in multiple sclerosis [86] and autoimmune 
encephalomyelitis [87]. As a negatively regulated tran-
scription factor, STAT4 blocks the MAPK pathway by 
inhibiting KISS1, playing an important role in regulating 
oxidative damage, inflammation, and neuronal apoptosis 
induced by PD [88]. Currently, there is a lack of explo-
ration into the regulatory function of STAT4 in NPSLE. 
Our further study confirmed that STAT4 inhibited the 
transcription of SHH in microglia. SHH signal trans-
duction is closely related to CNS morphogenesis, and 
abnormal regulation of the SHH signaling pathway may 
lead to various neurological disorders [89]. SHH signal 
transduction is involved in maintaining BBB function 
[90], reducing microglia proliferation [69], and mitigat-
ing the inflammatory response [68]. We associated SHH 
with NPSLE for the first time, observing phenomena 
consistent with previous reports. The loss of SHH protein 
is accompanied by aggravated emotional abnormalities, 
cognitive dysfunction, BBB homeostasis disruption, and 
abnormal microglial activation.

Recent studies have shown that human WIF-1 protein 
binds SHH with high affinity and effectively inhibits its 
signaling activity [66]. Our study demonstrated that the 
inhibitory effect of WIF-1 on the SHH pathway is related 
to the regulatory mechanism of STAT4 transcriptional 
inhibition mediated by CRYAB, which improves our 
understanding of how WIF-1 suppresses the SHH path-
way. Additionally, a review of the literature indicates 
that Wnt ligands (such as Wnt1, Wnt3a, Wnt4, Wnt5a, 
Wnt8a, and Wnt9a), Frizzled receptors (Fzd1 and Fzd2), 
and the low-density lipoprotein receptor-related pro-
tein complex (Lrp5/6) are potential interaction partners 
of WIF-1 [91]. This suggests that WIF-1 may mediate 
the regulation of the CRYAB/SHH signaling pathway by 
binding to ligands in NPSLE. This will be further investi-
gated in future research.

In our exploration of therapeutic strategies for NPSLE, 
we found that SDMA can effectively inhibit STAT4 
expression through a literature review [74]. SDMA, a 
metabolite increased by protein methylation and oxi-
dative stress [92], has levels closely related to glomeru-
lar filtration rate [93]. SDMA has been shown to play a 
potential pathogenic role in cardiovascular and cere-
brovascular diseases, with serum SDMA concentrations 

Fig. 9  Mechanism diagram of abnormal neurobehavioral state and cognitive impairment induced by WIF-1 in lupus mice created with BioRender.com
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significantly increased in dementia patients, reflecting 
the severity of cognitive impairment [94]. However, it is 
important to note that serum levels may not reflect the 
brain’s microenvironment. Studies on animal models 
of learning and memory deficiency found that chronic 
administration resulted in uniformly decreased SDMA 
levels in hippocampal and mPFC tissues [95], suggesting 
that brain SDMA recovery may positively affect the dis-
ease. The role of SDMA in brain tissue and its molecu-
lar mechanism remain unclear. In vitro, we confirmed 
that SDMA restores the overactivation of BV2 cells and 
mitigates BBB damage. These results suggest tissue-
specific mechanisms of SDMA’s action. Whether brain 
administration of SDMA has therapeutic effects on lupus 
encephalopathy requires further exploration.

Conclusions
In summary, this study confirmed that WIF-1 pro-
motes abnormal activation of microglia and induces the 
destruction of the BBB, thereby exacerbating the devel-
opment of neurobehavioral abnormalities and cognitive 
dysfunction in a lupus mouse model. Mechanistically, 
WIF-1 enhances the expression of CRYAB, subsequently 
inhibiting SHH by upregulating STAT4 transcription, 
leading to abnormal activation and increased phagocyto-
sis of microglia (Fig. 9). As an inhibitor of STAT4, SDMA 
demonstrates significant potential in the treatment of 
lupus encephalopathy. These findings are instrumen-
tal in elucidating the complex pathophysiology of lupus 
encephalitis, improving our understanding of the rela-
tionship between autoimmune diseases and neurologi-
cal function, and providing a new perspective for future 
treatment and research.

WIF-1 regulates the overactivation and phagocytosis 
of microglia through the CRYAB/STAT4-SHH axis and 
induces BBB damage. SDMA can reverse the abnormal 
behavior of microglia by inhibiting STAT4.
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