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C O G N I T I V E  N E U R O S C I E N C E

Microglial Ffar4 deficiency promotes cognitive 
impairment in the context of metabolic syndrome
Wei Wang1†, Jinyou Li2†, Siyuan Cui3, Jiayu Li1, Xianlong Ye4, Zhe Wang1, Tingting Zhang1,  
Xuan Jiang1, Yulin Kong1, Xin Chen3, Yong Q. Chen1*, Shenglong Zhu1,3*

Metabolic syndrome (MetS) is closely associated with an increased risk of dementia and cognitive impairment, and 
a complex interaction of genetic and environmental dietary factors may be implicated. Free fatty acid receptor 4 
(Ffar4) may bridge the genetic and dietary aspects of MetS development. However, the role of Ffar4 in MetS-related 
cognitive dysfunction is unclear. In this study, we found that Ffar4 expression is down-regulated in MetS mice and 
MetS patients with cognitive impairment. Conventional and microglial conditional knockout of Ffar4 exacerbated 
high-fat diet (HFD)–induced cognitive dysfunction and anxiety, whereas microglial Ffar4 overexpression improved 
HFD-induced cognitive dysfunction and anxiety. Mechanistically, we found that microglial Ffar4 regulated microglial 
activation through type I interferon signaling. Microglial depletion and NF-κB inhibition partially reversed cognitive 
dysfunction and anxiety in microglia-specific Ffar4 knockout MetS mice. Together, these findings uncover a previously 
unappreciated role of Ffar4 in negatively regulating the NF-κB–IFN-β signaling and provide an attractive thera-
peutic target for delaying MetS-associated cognitive decline.

INTRODUCTION
Metabolic syndrome (MetS) has become a global health concern, 
accompanied by increasing prevalence in both absolute and relative 
numbers (1, 2). It includes diabetes, fatty liver, obesity, and other 
metabolic disorders that produce a chronic inflammatory state and 
disordered lipid metabolism leading to hypertriglyceridemia, which 
extensively deteriorates the organs and tissues, including the central 
nervous system (CNS) (3–5). Epidemiological and clinical studies 
strongly suggest that MetS significantly increases the risk of demen-
tia and cognitive decline (6–8). Genetic and environmental factors 
contribute to the development of MetS-related cognitive dysfunction, 
which is closely related to changes in lifestyle and dietary intake (9, 
10). Therefore, lifestyle changes and dietary modifications may repre-
sent an effective treatment approach. However, long-term controlled 
studies in humans are challenging, and the exact pathophysiological 
mechanism of MetS-related cognitive dysfunction remains ambiguous. 
Thus, given the importance of nutritional sensing in metabolic regu-
lation, investigating the biological links between cognitive disorders 
and MetS through the lens of nutritional sensing is a potentially 
valuable avenue of research.

G protein–coupled receptors are the most druggable targets and 
have been studied extensively (11, 12). In terms of free fatty acid 
receptors (FFARs), their activation plays an important role in diverse 
biological processes and has been implicated in regulating glucose 
or lipid metabolism (13, 14). The currently identified members of 
the FFAR family include Ffar1 (GPR40), Ffar2 (GPR43), Ffar3 
(GPR41), and Ffar4 (GPR120) (15), which may potentially bridge 
the gap between genetic and environmental factors in MetS-related 
cognitive dysfunction. Ffar2 and Ffar3 are mainly recognized and 
activated by short-chain fatty acids, while Ffar1 and Ffar4 are activated 

by medium- and long-chain fatty acids (LCFAs) (15). Ffar4 is widely 
expressed in various tissues and primarily serves as the receptor for 
LCFAs. Several studies have suggested that Ffar4 derived from dif-
ferent tissues may have biological distinctions (16–18). A detailed 
description of the physiological functions of Ffar4 in different tissues 
is essential and provides possible mechanisms underlying the contra-
dictory findings of ω3 polyunsaturated fatty acid (PUFA) trials. The 
brain is rich in Ffar4 ligands (ω3 PUFAs), and its levels are associated 
with risks for dementia and related outcomes (19, 20). The great majority 
of Ffar4 research has focused on the peripheral system, with little 
attention given to the potential contributions of the CNS. Therefore, 
the role of Ffar4, if any, in MetS-related cognitive dysfunction remains 
to be determined.

In the current study, we found that Ffar4 was down-regulated in 
MetS mice and MetS patients with cognitive disorders. Specific deletion 
of Ffar4 in microglia exacerbated MetS-related cognitive disorders 
and anxiety, while specific overexpression of Ffar4 in microglia 
improved MetS-related cognitive disorders and anxiety. Mechanisti-
cally, we found that microglial Ffar4 negatively regulates microglial 
activation through type I interferon (IFN) signaling.

RESULTS
Decreased Ffar4 expression is associated with 
cognitive impairment
To investigate the role of Ffar4 in MetS-related cognitive dysfunction, 
we analyzed Ffar4 expression in two MetS models [high-fat diet 
(HFD) and db/db mice] and MetS patients with cognitive impairment. 
Ffar4 expression in hippocampal tissue was significantly decreased 
in both mouse models, and the results of Ffar4 expression in blood 
leukocytes were consistent with those in hippocampal tissue (Fig. 1, 
A and B). Analysis based on line regression also showed a negative 
correlation between hippocampal Ffar4 expression and inflammatory 
cytokine expression (Fig. 1, C and D). To further establish the clinical 
relevance of Ffar4, we assessed Ffar4 expression in human peripheral 
blood leukocytes derived from MetS patients without cognitive 
impairment, MetS patients with cognitive impairment, and healthy 
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controls. We found a significant decreased Ffar4 mRNA expression 
in peripheral blood leukocytes of MetS patients with cognitive im-
pairment compared to MetS patients without cognitive impairment 
(Fig. 1E). In addition, a receiver operating characteristic (ROC) curve 
analysis was performed, and the results suggested that Ffar4 might 
have diagnostic potential for MetS patients with cognitive impairment 
(Fig. 1F). Together, these results suggested that Ffar4 might have an 
important role in the pathophysiology of MetS-related cognitive 
impairments.

Ffar4 knockout exacerbates HFD-induced cognitive 
impairment and anxiety
To provide further insights into the role of Ffar4 in HFD induced 
neurobehavioral dysfunction, we generated a mouse model invalidated 
for the Ffar4 gene (Fig. 2A and fig. S1A). The global MetS epidemic 
is generally believed to be caused by excessive caloric intake (21); 
thus, we used diet manipulations to induce MetS, such as male mice 
exposed to either a standard chow diet or 16 weeks of HFD (Fig. 2B). 
As expected, compared with standard chow-fed mice, mice fed an 
HFD for 16 weeks showed significant body weight gain and increased 
fasting blood glucose. HFD-fed mice exhibited higher plasma 
triglyceride (TG) and low-density lipoprotein (LDL) levels than 
standard chow-fed mice. However, we found that in the HFD state 

there was no significant difference between Ffar4 knockout (KO) 
and wild-type (WT) mice (fig. S1, B to F). Next, we characterized 
the cognitive impairment and anxiety of these mice. As shown in 
Fig. 2 (C to G), HFD consumption significantly reduced center dis-
tance and entries into the center area in the open-field test (OFT). 
HFD/WT mice perform worse than their WT littermates in both 
the elevated plus maze (EPM) and light-dark box (LDB) tests, sug-
gesting that HFD mice exhibited an anxiety phenotype compared 
with WT mice. HFD/Ffar4−/− mice showed a heightened anxiety 
behavioral phenotype compared to HFD/WT mice (Fig. 2, C to G). 
In the Morris water maze (MWM), HFD/WT mice spent more time 
reaching the platform in the training period, while KO of Ffar4 sig-
nificantly exacerbated task learning (Fig. 2H). Consistently, during 
the probe trial, HFD/Ffar4−/− mice crossed the platform fewer times 
than their littermate controls (Fig. 2, I and J). Together, these data 
suggested that Ffar4 KO exacerbated HFD-induced anxiety and 
cognitive impairment.

Microglia-derived Ffar4 mediates HFD-induced cognitive 
impairment and anxiety
Investigating which cell type–derived Ffar4 is involved in HFD-
induced neurobehavioral dysfunction is the key to further exploring 
the mechanism. Given that Ffar4 is primarily present in microglia in 

Fig. 1. Ffar4 levels are decreased in MetS mice and MetS patients with cognitive impairment. (A and B) Two MetS models (HFD-induced obesity and diabetic db/db 
mice) and MetS patients with cognitive impairment were used, and qPCR was used to validate the levels of Ffar4 mRNA in the hippocampal tissue and peripheral blood 
leukocytes of two MetS models (n = 6). Line regression was used to assess the correlation between hippocampal Ffar4 expression and inflammatory cytokine expression 
in obese (C) and db/db mice (D). (E) Levels of Ffar4 mRNA in human peripheral blood leukocytes derived from MetS patients with cognitive impairment (n = 15), without 
cognitive impairment (n = 12), and healthy controls (n = 12). (F) A ROC curve was used to assess the diagnostic value of Ffar4 for MetS patients with cognitive impairment. 
Data are presented as means ± SEM. *P < 0.05. Detailed statistical analyses are presented in Materials and Methods. CI, confidence interval.
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Fig. 2. Ffar4 KO exacerbates HFD-induced neurobehavioral dysfunction. (A) CRISPR-Cas9 gene editing strategy for total Ffar4 KO mice. (B) Schematic for HFD or chow 
feeding and behavioral testing. (C) Representative trajectory of mice in OFT. (D) Center distance, entries into the center area, and time in center area in the open field for 
WT, Ffar4−/−, HFD/WT, and HFD/Ffar4−/− mice (n = 7 to 8 per group). (E) Representative trajectory of mice in EPM. (F) Time spent in the open zones of the mazes, time spent 
in open arms (%), and entries into the open area. (G) Time in light box and number of transitions in LDB. MWM analysis shows escape latency (H) to target in the invisible 
platform trials. Representative trajectory of mice in the probe trials (I), target cross number, and time spent in target quadrant (J) in the MWM test. Data are presented as 
means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. Detailed statistical analyses are presented in Materials and Methods.
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the CNS (Fig. 3, A and B, and fig. S2A) (22, 23), growing attention 
has been given to the effects and regulatory mechanisms of microglia. 
Thus, mice with tamoxifen-inducible microglial Ffar4 conditional 
KO (cKO) were generated by crossing Ffar4 flox/flox mice with 
Cx3cr1-CreER transgenic mice, followed by tamoxifen injection 
(Fig. 3C). Their Cx3cr1-CreER littermates were used as controls. The 
HFD was started 4 weeks after the last tamoxifen injection to allow 
the replacement of peripheral monocytes (Fig. 3D). We isolated mi-
croglia from the brain and confirmed a high Ffar4 KO efficiency 
(fig. S2, B and C). After 16 weeks HFD feeding, the levels of body 
weight, fasting blood glucose, plasma TG, and LDL were not signifi-
cantly different between microglia-specific Ffar4 KO mice and litter-
mate control mice, except total cholesterol (TC) (fig. S2, D to H). To 
investigate the influence of microglial Ffar4 cKO mice on MetS-related 
cognitive and anxiety functions, OFT, EPM, and MWM tests were 
conducted. As shown in Fig. 3 (E and F), cKO/HFD mice exhibited 
worse center distance and entries into center zone relative to litter-
mate control mice. Similar results were observed in EPM; compared 
with the control/HFD mice, the time spent in the open arms and 
entries into open zones were significantly decreased in cKO mice 
(Fig. 3, G and H). cKO/HFD mice exhibited worse cognitive perfor-
mance than control/HFD mice, as the cKO/HFD mice exhibited a 
longer escape latency and lower crossing frequency over the platform 
(Fig. 3, I to K). Together, these results demonstrated that microglial 
Ffar4 was mainly responsible for exacerbating HFD-induced anxiety 
and cognitive impairment.

Microglia-specific Ffar4 overexpression represses 
HFD-induced cognitive impairment and anxiety
To further corroborate the role of microglial Ffar4 in HFD-induced 
neurobehavioral dysfunction, we crossed an Ffar4 cag/cag mouse 
strain with Cx3cr1-CreER transgenic mice to obtain microglial Ffar4 
conditional overexpression (cOE) mice (Fig. 4, A and B). After treatment 
of mice with tamoxifen for 4 weeks, we performed quantitative poly-
merase chain reaction (qPCR) to examine the expression level of 
Ffar4 in the isolated microglia and confirmed a high Ffar4 overex-
pression efficiency (fig. S3, A and B). After 16 weeks of HFD feeding, 
cOE mice displayed effectively reduced body weight, fasting blood 
glucose, plasma TG, and LDL compared with littermate control 
mice (fig. S3, C to G). We next performed behavioral experiments to 
assess the influence of microglia-specific Ffar4 overexpression on 
MetS-related cognitive and anxiety functions. As shown in Fig. 4 (C 
and D), compared with the control/HFD group, the center distance 
in the open field and entries in the center zone were significantly 
increased in cOE/HFD mice. In addition, EPM results showed that 
cOE/HFD mice exhibited a significant increase in time spent in the 
open arms and entries into the open arms compared to control/
HFD mice (Fig. 4, E and F). In the MWM test, we also found that 
cOE mice significantly decreased the latency to reach the platform 
and increased the number of platforms crossing (Fig.  4, G to I). 
These findings suggested that microglial Ffar4 cOE alleviated HFD-
induced anxiety and cognitive impairment and further demonstrated 
the role of microglial Ffar4.

Type I IFN signaling is enhanced in the absence of Ffar4
To further explore the potential molecular mechanism underlying 
the functions of Ffar4 in HFD-induced anxiety and cognitive im-
pairment, we isolated primary microglia from cKO/HFD mice and 
compared them from control/HFD mice (Fig. 5A). A total of 225 

up-regulated genes and 345 down-regulated genes were identified in 
the microglia of cKO/HFD mice (Fig.  5, B and C), and the Gene 
Ontology (GO) analysis that was underrepresented in the cKO/
HFD mice was related to the negative regulation of type I IFN pro-
duction (Fig. 5, D and E). Type I IFNs (mainly IFN-α and IFN-β) 
bind to the cell surface complex known as IFN-α/β receptor and 
then activate Janus kinase 1 (JAK1)/signal transducer and activator 
of transcription 1 (STAT1) signal transducer, leading to an inflam-
matory response. One characteristic of microglia in neurodegenera-
tion is the increased production of inflammatory cytokines. We 
found that microglia from cKO/HFD mice showed only increased 
IFN-β mRNA expression compared with age-matched littermate 
control mice, while having no effect on IFN-α (Fig.  5F). Further-
more, using enzyme-linked immunosorbent assay (ELISA), we found 
that IFN-β was also significantly increased in cKO/HFD mice (Fig. 5G). 
The phosphorylation of JAK1 and STAT1 was significantly up-
regulated in the hippocampus of cKO/HFD mice (Fig. 5H). We next 
examined whether blocking type I IFN signaling could improve 
cognitive impairment and anxiety behavior in cKO/HFD mice. The 
administration of fludarabine, a widely used type I IFN signaling 
inhibitor (24–26), improved cognitive impairment and decreased 
anxiety-like behavior comparably to cKO/HFD mice (fig. S4). Together, 
these results indicated that microglial Ffar4 could regulate type I IFN 
signaling pathway in HFD-induced cognitive impairment and anxiety.

Microglial Ffar4 deletion aggravates neuroinflammation 
caused by microglial activation
To investigate the role of microglial Ffar4 KO in neuroinflamma-
tion, we analyzed inflammatory cytokines and microglial morpho-
logical changes. Control/HFD mice showed a significantly different 
morphology, characterized by decreased total branch length, average 
branch length, branch numbers, and terminal numbers. Notably, 
microglial Ffar4 KO markedly aggravated HFD-induced morpho-
logical changes (Fig. 6, A and B). In addition, we quantified the levels 
of CD68, a lysosome marker indicating the phagocytosis activity of 
microglia, and found that the density of CD68 was significantly in-
creased in the Ffar4 KO microglia, suggesting higher phagocytic 
capacity (Fig. 6C). Next, we analyzed the effect of Ffar4 on inflam-
matory cytokines. As expected, microglial Ffar4 KO markedly in-
creased the levels of some proinflammatory cytokines (Arg-1, IL-10, 
and TGF-​β) and increased the levels of interferon-stimulated gene 
(ISG)-related gene (CXCL-10 and Isg-15) (Fig. 6, D and E). In con-
trast, microglial Ffar4 overexpression could significantly inhibit in-
flammatory cytokines and ISG-related gene expression (fig. S5). We 
further investigated the effect of inflammatory response on synaps-
es. Western blotting revealed that the expression of the presynaptic 
protein synaptophysin (SYN) and the postsynaptic protein PSD95 
was significantly down-regulated in the hippocampus of cKO/HFD 
mice (Fig.  6F). Consistent with this finding, microglial Ffar4 KO 
further exacerbated cell apoptosis (Fig.  6F). To corroborate our 
finding that microglial Ffar4 regulates type I IFN signaling in vivo, 
we isolated primary microglia from WT mice and Ffar4 KO mice 
and treated them with palmitic acid (Fig. 6G). In agreement with the 
animal results, Ffar4 deletion significantly increased palmitic acid–
induced IFN-​β, CXCL-10, Isg-15, IL-6, and IL-1β production (Fig. 6H). 
We investigated whether IFN-​β silencing blocked the proinflamma-
tory effects. As expected, IFN-​β silencing significantly suppressed 
the Ffar4 deficiency–induced increase in IFN-​β, CXCL-10, Isg-15, IL-
6, and IL-1β (Fig. 6I). To elucidate the role of microglia in behavioral 
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Fig. 3. Microglial Ffar4 KO exacerbates HFD-induced neurobehavioral dysfunction. (A and B) T-distributed stochastic neighbor embedding (t-SNE) plot of mouse 
cortex cells (visualization available at https://singlecell.broadinstitute.org/). (C) Gene targeting strategy for microglia-specific Ffar4 KO. Mice with floxed exon 1 of Ffar4 
were generated by homologous recombination. Microglial-specific Ffar4 knockout (cKO) mice were obtained by mating with Cx3cr1-CreER mice. (D) Schematic for HFD or 
chow feeding and behavioral testing. (E) Representative trajectory of mice in OFT. (F) Center distance, entries into the center area, and time in center area in the open field 
for control/HFD and cKO/HFD mice (n = 8 per group). (G) Representative trajectory of mice in EPM. (H) Time spent in the open zones of the mazes, time spent in open arms 
(%), and entries into the open area. MWM analysis shows escape latency (I) to target in the invisible platform trials. Representative trajectory of mice in the probe trials 
(J) and target cross number, and time spent in target quadrant (K) in the MWM test. Data are presented as means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. Detailed 
statistical analyses are presented in Materials and Methods.
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Fig. 4. Microglial Ffar4 overexpression restores HFD-induced neurobehavioral dysfunction. (A) Transgenic strategy for microglial-specific Ffar4 expression. 
The floxed Ffar4 expression cassette was targeted to the Hipp11 locus by homologous recombination. Microglial-specific Ffar4-expressing mice (cOE) were 
obtained by mating with Cx3cr1-CreER mice, which removes the STOP fragment. (B) Schematic for HFD or chow feeding, and behavioral testing. (C) Representative 
trajectory of mice in OFT. (D) Center distance, entries into the center area, and time in center area in the open field for control/HFD and cOE/HFD mice (n = 8 per 
group). (E) Representative trajectory of mice in EPM. (F) The time spent in the open zones of the mazes, time spent in open arms (%), and entries into the open 
area were measured to evaluate anxiety. MWM analysis shows escape latency (G) to target in the invisible platform trials. Representative trajectory of mice in the 
probe trials (H) and target cross number, and time spent in target quadrant (I) in the MWM test. Data are presented as means ± SEM. *P < 0.05. Detailed statistical 
analyses are presented in Materials and Methods. ns, not significant.
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Fig. 5. Microglial transcriptome analysis suggests that Ffar4 regulate type I IFN signaling. (A) Schematic for microglia isolation, RNA extraction, RNA-seq, and data 
analysis. Volcano plot (B) and heatmap (C) show the distribution of up-regulated (red) and down-regulated (blue) genes. GO enrichment analysis of (D) down-regulated 
(blue) and (E) up-regulated (red) genes. (F) qPCR assay to test the expression levels of type I IFNs (IFN-α and IFN-β) in isolated microglial cells from control/HFD and cKO/
HFD mice (n = 6 per group). (G) ELISA analysis of IFN-β contents in hippocampal tissue from these two groups of mice (n = 6 per group). (H) Immunoblotting and statistical 
analysis of JAK1, p-JAK1, STAT1, and p-STAT1 levels in hippocampal tissue from these two groups of mice (n = 4 per group). Data are presented as means ± SEM. **P < 0.01 
and ***P < 0.001. Detailed statistical analyses are presented in Materials and Methods. Illustration in (A) created with Figdraw.
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Fig. 6. Microglial Ffar4 KO increases microglial activation. (A) Representative images of Iba-1–positive cells in the hippocampal DG of control/HFD and cKO/HFD 
groups with three-dimensional (3D) reconstruction of representative microglia using Imaris. Scale bar, 50 μm. (B) Microglial morphology as total branch length, average 
branch length, branch numbers, and terminal numbers in the control/HFD and cKO/HFD groups (n = 15 from three mice per group). (C) Immunofluorescent staining 
of Iba-1 and CD68 and statistical analysis of CD68 level in the control/HFD and cKO/HFD groups. Scale bar, 10 μm. n = 6 per group. (D and E) qPCR assay to test the 
expression levels of pro- and anti-inflammatory cytokines and ISG-related gene in isolated microglial cells from control/HFD and cKO/HFD mice (n = 6 per group). 
(F) Immunoblotting and statistical analysis of SYN, PSD95, cleaved caspase-3, and Bcl-2 in hippocampal tissue from the control/HFD and cKO/HFD groups (n = 4 per 
group). (G) Ffar4 mRNA level in microglia isolated from WT and Ffar4 KO mice (n = 3 per group). (H) qPCR assay to test the expression levels of IL-1β, IL-6, CXCL-10, IFN-​
β, and Isg-15 under palmitic acid (200 μM) incubation for 24 hours in primary microglial cell cultures of WT and Ffar4 KO mice (n = 3). (I) After IFN-​β siRNA was transfected 
into microglia, qPCR was used to test the expression levels of IL-1β, IL-6, CXCL-10, IFN-​β, and Isg-15 under palmitic acid (200 μM) incubation for 24 hours in primary 
microglial cell cultures of WT and Ffar4 KO mice (n = 3). Data are presented as means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. Detailed statistical analyses are 
presented in Materials and Methods.
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abnormalities of cKO/HFD mice, we took advantage of pharmaco-
logical microglia deletion using PLX3397, a colony-stimulating factor 
1 receptor (CSF1R) inhibitor, to assess the consequence of microglia 
elimination on cognitive function and anxiety behavior (27–29). Re-
sults showed that PLX3397 treatment markedly reduced the number 
of Iba-1–positive microglia in the hippocampus (fig. S6). In addition, 
PLX3397 treatment rescued the cognitive impairment and anxiety-
related behaviors of cKO/HFD mice (fig. S6). Together, these results 
demonstrated that microglial Ffar4 played a key role in HFD and 
palmitic acid–induced inflammatory responses.

Ffar4 regulates IFN-​β transcription via NF-κB
IFN-β production relies on three transcription factor complexes: 
Interferon regulatory factor 3 (IRF-3) binds positive regulatory domains 
I and II (PRDI and PRDIII), the NF-κB complex binds PRDII, and 
the ATF-2/c-Jun AP-1 complex binds PRDIV (30). Thus, we first 
evaluated the mRNA levels of IRF-3, NF-κB, and ATF2 in microglia 
from cKO/HFD and control/HFD mice, and the results indicated 
that only the mRNA levels of NF-κB in the cKO/HFD mice were 
markedly increased compared with those in the control/HFD mice 
(fig. S7A). We next determined whether the NF-κB pathway activated 
microglial IFN-​β transcription in primary microglia by using PDTC, 
a specific NF-κB inhibitor with blood-brain barrier permeability. 
Ffar4-KO microglia were treated with palmitic acid with or without 
PDTC cotreatments, and significant reductions in IFN-​β, CXCL-10, 
Isg-15, IL-6, and IL-1β production were observed in Ffar4-KO microglia 
treated with PDTC (fig. S7B). In Ffar4 KO microglial cells cultured with 
PDTC and palmitic acid, the phosphorylation of NF-κB, JAK1, and 
STAT1 was significantly down-regulated (fig. S7, C and D). Given the 
in vitro findings of NF-κB in IFN-​β transcription and JAK1/STAT1 
signaling, we next determined the effect of the pharmacological 
blockade of NF-κB on cKO/HFD mice (Fig. 7A). PDTC intervention 
significantly ameliorated HFD-induced anxiety and cognitive dys-
function in cKO mice (Fig.  7, B to G). cKO-induced increases in 
TNF-​α, IL-1β, and IFN-​β levels and reductions in Arg-1 and TGF-​β 
levels were abolished by treatment with PDTC (Fig. 7, H to K). We 
next checked whether PDTC intervention influenced the activity of 
microglia in HFD-cKO mice. As shown in Fig. 7 (L and M), significant 
increases in total branch length, average branch length, branch 
numbers, and terminal numbers were observed in PDTC-treated 
mice. We found that PDTC intervention inhibited the phosphoryla-
tion of NF-κB, JAK1, and STAT1 in the hippocampus of cKO mice 
(Fig. 7N). Furthermore, PDTC intervention attenuated HFD-induced 
synaptic damage and cell apoptosis in cKO mice (Fig. 7O). As previously 
described, Ffar4 could recruit β-arrestin-2, leading to internalization of 
the receptor, and inhibits activation of NF-κB (31–33). This study 
also confirmed the direct interactions between Ffar4 and β-arrestin-2 in 
microglial via immunoprecipitation (IP) assay (Fig. 7P). In addition, 
either Ffar4 or β-​arrestin-2 knockdowns resulted in the NF-κB ac-
tivation, suggesting the vital role of Ffar4 signaling in NF-κB modu-
lation (Fig. 7Q and fig. S7C). Furthermore, protein-DNA interaction 
was analyzed using CUT&RUN (cleavage under targets and release 
using nuclease) assay to examine direct mechanism by which Ffar4 
regulates the interactions between NF-κB and IFN-​β, and the results 
showed increased binding of NF-κB to the IFN-​β promoter after 
knockdown of Ffar4 (Fig. 7R). Meanwhile, given the strong response 
to Ffar4 in regulating microglial activation, we next evaluated the 
therapeutic potential of pharmacologically targeting Ffar4 and NF-κB 
in BV2 cells and primary microglia. Ffar4 agonists have been 

developed and appear to be well tolerated in mice. However, the 
clinical safety of these drugs remains to be demonstrated. Dietary 
intake of polyunsaturated fatty acids may be a potential mechanism. 
To test this hypothesis, we incubated BV2 cells and primary microglia 
with DHA or PDTC. Microglia preincubated with DHA and PDTC 
exhibited weakened palmitic acid–induced NF-κB activation, IFN-β, 
and inflammatory cytokine production (fig. S8, A and B). Notably, 
DHA therapy was significantly superior to PDTC alone in IFN-β–
producing primary microglia and BV2 cells (fig. S8, A and B). This 
suggests that DHA may regulate IFN production in a variety of 
ways, not just through NF-κB. Moreover, while PDTC inhibited NF-κB 
activation, it had a less powerful effect on p-STAT1 and p-JAK1 levels 
than DHA, which indicated that PDTC could only regulate type 
through the NF-κB approach (fig. S8, C and D). Together, our data 
suggest that Ffar4 might represent an effective therapy for microglial 
inflammatory response.

DISCUSSION
Clinically, a critical comorbidity of cognitive impairment in patients 
with metabolic disorders is diminished or lost attention, memory, 
perceptual, and executive ability, leading to functional impairment 
and reduced quality of life (34, 35). Although various pathological 
theories have been proposed, the underlying mechanisms of MetS-
induced neurobehavioral changes are not fully understood, resulting 
in a lack of successful treatment methods. In the present study, we 
identified a potential role of Ffar4 in MetS-induced cognitive impair-
ment and anxiety and explored the mechanism of this role in vitro 
and in vivo. Our results provide evidence that decreased Ffar4 
expression is associated with cognitive impairment and that microg-
lial Ffar4 deficiency significantly exacerbates HFD-induced neuro 
behavioral disorders, while conditional microglial Ffar4 overexpression 
improves HFD-induced neurobehavioral disorders, and microglial 
Ffar4 regulates type I IFN signaling through NF-κB. Blockade of 
NF-κB combined with Ffar4 activation provides a strategy for neuro-
inflammation therapy (Fig. 8).

Several epidemiological studies and randomized controlled trials 
have elucidated the effect of omega-3 PUFA interventions on cognitive 
function, but the published results of these studies are inconsistent 
(36–38). Studies have failed to demonstrate a beneficial effect of 
omega-3 PUFA supplementation in patients with moderate or severe 
Alzheimer’s disease (AD) (39), but in patients with mild AD or mild 
cognitive impairment (MCI) (40). Another possible explanation for 
this difference is the variation in genetic variants of Ffar4. As the 
receptor of omega-3 PUFAs, the p.R270H variant of the Ffar4 gene is 
associated with loss of function, reduced protein activity, and increased 
risk of metabolic disorders (41, 42). Therefore, genetic variants of 
Ffar4 may be a reason for the inconsistent results of clinical trials, 
suggesting that future clinical trials should consider including Ffar4 
genetic variations in the population. In this study, we found that 
Ffar4 mRNA levels were down-regulated in MetS mice and MetS 
patients with cognitive impairment. Many LCFAs can bind to Ffar4, 
which may produce different effects, as Ffar4 can recognize the double 
bond in fatty acids and cause different downstream signaling pathways 
(43). Therefore, the exact role of Ffar4 in the CNS is still unclear. 
Here, using genetic methods, we observed that microglial Ffar4 ablation 
exacerbated HFD-induced cognitive impairment and anxiety.

Ffar4 has been found to regulate the secretion of glucagon-like 
peptide-1 (GLP-1) in intestinal endocrine cells (41, 44). GLP-1 
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Fig. 7. NF-κB inhibitor PDTC restores neurobehavioral dysfunction. (A) Experimental flow chart. i.p., intraperitoneal. (B) Representative trajectory of mice in OFT. 
(C) Center distance and entries into the center area traveled in the open field (n = 8). (D) Representative trajectory of mice in EPM. (E) Time spent in the open zones of the 
mazes and entries into EPM. MWM analysis shows escape latency (F) to target in the invisible platform trials. (G) Representative trajectory of mice in the probe trials and 
target cross number in the MWM test. (H and I) mRNA expression levels of pro- and anti-inflammatory cytokines in isolated microglial cells from cKO and cKO/PDTC mice 
(n = 6). (J) Expression levels of type I IFNs (n = 6). (K) ELISA analysis of IFN-β content in hippocampal tissue (n = 6). (L) Representative images of Iba-1–positive cells in the 
hippocampal DG with 3D reconstruction using Imaris. Scale bar, 50 μm. (M) Microglial morphology as total branch length, average branch length, branch numbers, and 
terminal numbers (n = 15 from three mice per group). (N) Immunoblotting and statistical analysis of p–NF-κB/NF-κB, p-JAK1/JAK1, and p-STAT1/STAT1 levels in hippocam-
pal tissue (n = 4). (O) Immunoblotting and statistical analysis of SYN, PSD95, cleaved caspase-3, and Bcl-2 in hippocampal tissue (n = 4). (P) Interaction between Ffar4-myc 
and β-arrestin-2 in BV2 cells. (Q) The knockdown of β-arrestin-2 increased the NF-κB activation. Immunoblotting and statistical analysis of NF-κB, p–NF-κB, and β-arrestin-2 
level in BV2 cells (n = 3). (R) CUT&RUN assay–validated NF-κB binds to target IFN-​β promoter after Ffar4 knockdown (n = 3). Data are presented as means ± SEM. *P < 0.05, 
**P < 0.01, and ***P < 0.001. Detailed statistical analyses are presented in Materials and Methods.
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exhibits excellent effects in combating MetS. In addition to regulating 
the peripheral system, GLP-1 can also cross the blood-brain barrier 
to increase neuronal activity, promote neuronal growth, and improve 
learning and memory (45, 46). Furthermore, the latest clinical trials 
have found that MetS patients receiving GLP-1 agonists have a 53% 
reduced risk of developing dementia (47). This may indirectly result 
from the regulation of GLP-1 release in intestinal endocrine cells by 
Ffar4 in the gut (44, 48). Our research findings further expand the 
direct role of Ffar4 in cognitive function. Here, we propose the following 
regulatory pathway: Microglial Ffar4 deficiency activates NF-κB, 
leading to IFN-​β transcriptional activation, followed by activation of 
JAK1/STAT1 signaling and subsequent exacerbation of HFD-induced 
neurobehavioral disorders.

NF-κB regulates metabolic processes at multiple levels in conjunc-
tion with NF-κB–mediated transcriptional events, making it a suitable 
potential therapeutic target for MetS (49). However, targeted toxicity 
due to systemic NF-κB blockade greatly limits the efficacy and clinical 
promotion of NF-κB (50). DHA, which is the main omega-3 PUFA 
in the brain, can normalize saturated fatty acid–induced harmful effects 
(32). Our results showed that combined treatment with NF-κB and 
Ffar4 was more effective than monotherapy. However, whether this 
combination approach has therapeutic potential in humans remains 
to be determined. Although DHA plays a major role in vitro, it is 
important to note that DHA lacks specificity, and the maximum bio-
logical activity of orally administered DHA in the population is still 

unclear, which may weaken the therapeutic efficacy of DHA in clinical 
trials. On the basis of this, targeted Ffar4 agonists show great potential 
for the treatment of MetS-related cognitive disorders.

In summary, our study suggests that microglial Ffar4 deficiency 
contributes to the development of MetS-related cognitive disorders 
and anxiety, describes a mechanism by which microglial Ffar4 regulates 
type I IFN signaling through NF-κB–IFN-β signaling, and may provide 
potential therapeutic strategies for managing anxiety and cognitive 
disorders induced by MetS. Furthermore, the development of Ffar4-
specific agonists and tissue-specific delivery methods may be promising 
approach for treating neurological diseases.

MATERIALS AND METHODS
Human participants
Peripheral blood samples were obtained from 15 patients with type 
2 diabetes with cognitive impairment, 12 patients with type 2 diabetes 
without cognitive impairment, and 12 patients with healthy controls. 
All type 2 diabetes participants fulfilled the diagnostic criteria for 
type 2 diabetes according to American Diabetes Association classi-
fication. The Montreal Cognitive Assessment (MoCA) was used to 
assess participant’s cognitive function, and overall score < 26 indicated 
cognitive impairment. Human peripheral RNA samples were used 
to assess FFAR4 mRNA expression by reverse transcription qPCR 
(RT-qPCR). This study was approved by the Medical Ethics Committee 

Fig. 8. Schematic of the mechanism by which microglial Ffar4 deletion induces microglial reactivity. Illustration created with BioRender.com
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of Jiangnan University (reference no. JNU20210310IRB01). All par-
ticipants signed informed consent before the study.

Animals and study design
All mice used were from the C57BL/6J genetic background. Ffar4 
total KO [Research Resource Identifier (RRID): MGI:7256540] mice 
were purchased by Shanghai Bioray Lab. The tail tips were digested 
with 150 μl of NaOH (50 mM) at 95°C for 15 min, followed by the 
neutralization with 10 μl of tris-HCl (pH 8.0). Using the forward 
primer CCCGGCATGTCCCCTGAGTGT and the reverse primer 
TGGTCGCCCTTGACATCCGAGA at 95°C for 30 s and 63°C for 
45 s for 40 cycles, Ffar4 KO mice were genotyped by PCR using tail 
DNA. WT mice generated an 87–base pair (bp) gene fragment, and 
Ffar4 mice generated a 110-bp gene fragment. Floxed Ffar4 (fl/fl; 
RRID: MGI: 7256541) mouse models were established by Shanghai 
Biomodel Organism. Cx3cr1-CreER mice on the C57BL/6J background 
were obtained from C. X. Tang (Xuzhou Medical University, China) 
and maintained at Jiangnan University. Ffar4 (fl/fl) mice were identified 
using the forward primer TGCTCTTTCTGGAGCTGTGT and the 
reverse primer AGAGATCAGAATGGACAACT by PCR using tail 
DNA at 95°C for 30 s, 58°C for 45 s, and 72°C for 30 s for 40 cycles. 
WT mice generated a 243-bp gene fragment, and fl/fl mice generated 
a 272-bp gene fragment. Ffar4 overexpression transgenic mice were 
genotyped using forward primer 1: CAGCAAAACCTGGCTGTG-
GATC, forward primer 2: GTGGAGTCCCATCATCATCACC, and 
the reverse primer: ATGAGCCACCATGTGGGTGTC at 95°C for 
30 s, 65°C (−0.5°C per cycle) for 30 s, and 72°C for 45 s for 20 cycles 
and then 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s for 20 cycles, 
generating a 1051-bp fragment for cag/cag and a 243-bp fragment 
for the WT. Microglia cell–specific Ffar4-KO mice (cKO) were 
obtained by crossing fl/fl mice with Cx3cr1-CreER mice. Microglia 
cell–specific Ffar4 overexpression mice were obtained by crossing 
cag/cag mice with Cx3cr1-CreER mice. To induce Cre-mediated re-
combination, all 6-week-old mice (Ffar4 fl/fl: Cx3cr1-CreER; Ffar4 
cag/cag: Cx3cr1-CreER) and their littermate controls (Ffar4 w/w: 
Cx3cr1-CreER) were treated with tamoxifen (20 mg/ml; MedChem-
Express, HY-13757A) in corn oil (MedChemExpress, HY-Y1888) 
via intraperitoneal injection, once each day for 5 days at a dose of 
100  μl per injection (51, 52). Animals were provided a standard 
chow diet or HFD (60% fat; Research Diet, Rodent Chow D12451) 
and water ad  libitum unless otherwise stated. HFD was started 4 
weeks from the last tamoxifen injection to allow the replacement of 
peripheral monocytes (53). For microglial depletion, PLX3397 (Macklin, 
P872507) was dissolved in 5% dimethyl sulfoxide (DMSO), 45% 
polyethylene glycol 300 (PEG300), and 50% double-distilled water. 
The cKO mice received daily treatment with vehicle or PLX (40 mg/
kg) by oral gavage for 10 weeks before behavioral tests (54, 55). To 
investigate the effect of type I IFN signaling in cKO mice, fludarabine 
(Macklin, F810231) was dissolved in 5% DMSO, 40% PEG300, 5% 
Tween 80, and 50% double-distilled water. The cKO mice received 
daily treatment with vehicle or fludarabine (10 mg/kg) by intraperito-
neal injections for 10 weeks before behavioral tests (24). Mice were 
sacrificed at different time points during the diet. Mice were main-
tained under a standard laboratory condition with unlimited access 
to standard rodent chow and clean water. All animal procedures 
were performed in accordance with Guide for the Care and Use of 
Laboratory Animals of the School of Medicine, Jiangnan University 
and approved by the Jiangnan University Animal Experimentations 
Ethics Committee (JN no: 20171030c0110506).

MWM test
Spatial learning and memory were assessed using the MWM test as 
previously described (56). Briefly, a circular platform (diameter: 11 cm) 
was hidden 1.5 cm under the water surface in the center of one 
quadrant of a 120-cm circular pool. Milk powder was added to 
the water, and the temperature of the pool was maintained at 
22° ±  1°C. Habituation training was on day 0. The learning trials 
were conducted over five consecutive days, with four trial sessions 
daily. In each trial, mice were put in the water at one of four positions 
facing the pool wall and was allowed up to 60 s to find the platform. 
On day 6, the probe test was performed without the platform. Cross 
platform number was measured to evaluate the capability of spa-
tial memory.

Open-field test
OFT was performed in a 50 cm × 50 cm ×  50 cm white square 
chamber. Each mouse was placed in the center of the open-field 
apparatus and allowed to explore the arena for 5 min. The data were 
automatically recorded with a video camera and analyzed by ToxTrac 
software. The center distance and entries in center area were measured 
to evaluate anxiety. The chamber was wiped with 70% ethanol 
before use and before subsequent tests to remove odor cues.

EPM test
The mice were placed at a randomly chosen boundary in the central 
area of the maze facing one of the open arms and were allowed to 
explore the arena for 5 min. The data were automatically recorded 
with a video camera and analyzed by ToxTrac software. The time 
spent in the open zones of the mazes and entries in open area were 
measured to evaluate anxiety. The chamber was wiped with 70% 
ethanol before use and before subsequent tests to remove odor cues.

LDB test
LDB consists of a dark compartment (15 cm × 28 cm × 28 cm) and 
a bright compartment (30 cm × 28 cm × 28 cm), with a small door 
between the compartments, which allows one mouse to pass through 
(57, 58). The animal is placed in the center of the bright box and 
allowed to explore the arena for 5 min. The number of transitions 
between compartments and the time spent in the bright box were 
used to assess anxiety. The chamber was wiped with 70% ethanol 
before use and before subsequent tests to remove odor cues.

Metabolic phenotype
TC (A111-1-1), TG (A110-1-1), and LDL cholesterol (LDL, A113-1-1) 
in mice serum were measured using commercial kits (Jiancheng, 
China). Fasted blood glucose was measured by a glucometer (ACCU-
CHEK Performa, Roche) through tail bleeding.

Primary microglia cell
Primary microglia cell was prepared from cerebral cortices of five to 
eight mice (1 to 2 days old, mixed sex), Ffar4 KO mice, or controls. 
As described previously (51, 59, 60), the cortical tissues were digested 
with 0.25% trypsin-EDTA for 30 min at 37°C, followed by mechanical 
triturating in Dulbecco’s modified Eagle’s medium (DMEM)/F12 
with 10% fetal bovine serum (VivaCell, Shanghai, C04001). The 
mixed cells were passed through a 70-μm cell strainer and plated on 
poly-​d-lysine–coated T25 flasks (NEST Biotechnology, 707003) with 
DMEM/F12 containing 1% penicillin-streptomycin and 10% fetal 
bovine serum. After achieving confluency at about 10 days in vitro, 
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the flasks were shaken (180 rpm) for 1 hour (37°C) to release microglia 
(microglia are loosely attached to the mixed cell surface layer and 
can easily be detached from the flask surface by shaking). The super-
natant containing the detached microglia was collected and reseeded 
for 1 to 2 hours to allow microglial attachment. When the cells were 
attached, they were gently washed with warm 1× phosphate-buffered 
saline (PBS) twice to remove cell aggregates and cell debris; then, 
the cells were supplied with fresh culture medium. The microglia 
were used for experimentation when they reached 60 to 70% confluency.

RNA interference or plasmid transfection
Microglia primary cell or BV2 cells (China Center for Type Culture 
Collection, Wuhan, China) were grown to 50 to 70% confluence and 
then transfected with IFN-​β siRNA (50 pM) or normal control (NC)
small interfering RNA (siRNA) (50 pM) using jetPRIME transfection 
reagent (Polyplus, 114-15) according to the manufacturer’s protocol. 
The siRNA sequences were as follows: mouse IFN-​β, CAGAATAAA-
CACCTCTGCCAT; mouse Ffar4, ACCGCATAGGAGAAATCTCAT; 
and mouse β-​arrestin-2, GCCAAGAAGTGTGATAAAGAA. Universal 
negative control siRNA (GenePharma, A06001) was used as a control. 
Microglia were stimulated with palmitate (200 μM) for 24 hours, 
and then type I IFN signaling activation was analyzed. pcDNA3.1-
Ffar4-myc was used for Ffar4 overexpression in BV2 cells, and the 
pcDNA3.1 empty vector was used as a control.

Microglia isolation
Microglia were isolated by the method described (61, 62). Briefly, 
mice were anesthetized by isoflurane and perfused with ice-cold saline. 
Brain tissues were freshly harvested in Hanks’ balanced salt solution 
(HBSS) buffer and then digested in HBSS containing collagenase 
type 2 (37.5 U/ml) and deoxyribonuclease I (45 U/ml) for 30 min at 
37°C. Brain tissue homogenates were filtered with a 70-mm cell 
strainer and then centrifuged at 600g for 5 min (4°C) to collect the 
cell pellets. Microglia were isolated by density gradient centrifugation. 
Collected cell pellets were then suspended in 37% Percoll solution. 
Density gradient was added into 15-ml centrifuge tubes: 70% Per-
coll, 37% Percoll, and PBS. The density gradient was centrifuged at 
800g for 30 min (4°C). Microglia were collected at the interface of 
the bottom two layers (70%/37%). Microglia were further purified 
by incubating with CD11b MicroBeads (Precision Biomedicals, 
721105) according to the manufacturer’s protocol.

RNA extraction and RT-qPCR assay
Total RNA was extracted from purified microglia using the Fast-
Pure Cell/Tissue Total RNA Isolation Kit V2 (Vazyme, RC112-01). 
Then, RNA was reverse-transcribed to complementary DNA 
(cDNA) using the HiScript III 1st Strand cDNA Synthesis Kit 
(Vazyme, R323-01). RT-qPCR was performed using the Roche 
LightCycler 480 PCR System and Hieff UNICON qPCR SYBR 
Green Mastermix (Shanghai YEASEN Biotech, 11198ES). Gene 
expression of the target genes was evaluated using the 2−ΔΔCt 
method and normalized to β-​actin. The RT-qPCR primers are 
shown in table S1.

Coimmunoprecipitation
BV2 cells were transfected with myc-Ffar4 plasmid and collected 
48 hours after transfection. Cells were lysed with 500 μl of ice-cold 
IP buffer containing protease inhibitor. The cell lysates were incu-
bated with immunoglobulin G (IgG) and Protein A/G Magnetic 

Beads (MedChemExpress, HY-K0202) to remove nonspecific reac-
tion. Then, the supernatant after centrifugation was incubated with 
myc-Tag or β-arrestin-2 antibody and Protein A/G Magnetic Beads 
overnight at 4°C. The beads were washed three times with lysis buf-
fer and resuspended and boiled in SDS loading buffer. The samples 
were separated by 10% SDS–polyacrylamide gel electrophoresis 
(SDS-PAGE) and probed with immunoblotting.

Cleavage under targets and release using nuclease assay
CUT&RUN assay was performed using the Hyperactive pG-MNase 
CUT&RUN Assay Kit for PCR/qPCR kit (Vazyme, HD101) accord-
ing to the manufacturer’s instructions. Approximately 5 × 105 cells 
were used for subsequent reactions. The cell samples were incubated 
with antibodies IgG control and NF-κB (Proteintech, 14220-1-AP) 
at 4°C overnight and subsequent cleavage and release steps. DNA of 
CUT&RUN fragments was purified using DNA purification buffers 
and spin columns. Last, the DNA products were quantified by 
qPCR, and the primers used are shown in table S1.

RNA sequencing
RNA sequencing (RNA-seq) was performed according to our previ-
ous study (63). Purified microglia were isolated from five mice in 
each group. Briefly, total RNA was extracted from purified microglia 
using FastPure Cell/Tissue Total RNA Isolation Kit V2 (Vazyme, 
RC112-01). Then, RNA was reverse-transcribed to cDNA using the 
HiScript III 1st Strand cDNA Synthesis Kit (Vazyme, R312-01/02). 
The second-strand DNA was performed using the Second Strand 
cDNA Synthesis Kit (Beyotime Biotechnology, D7172). The second-
strand DNA samples were digested and labeled by using Tn5 trans-
posase. Enrichment PCR was performed using HiFi PCR Mix for 
normal goat serum (CWBIO, CW2648). An Agilent 2100 Bioana-
lyzer was used to quantify the libraries. Illumina NovaSeq instru-
ment was used to paired-end sequencing of the library (sequencing 
was performed by GENEWIZ Biotech). Reads were mapped to the 
mouse genome using STAR (http://code.google.com/p/rna-star/). 
Differentially expressed genes were defined as a fold change of ≥1.5 
with a P value of <0.05. GO enrichment analysis was performed us-
ing Metascape (http://metascape.org).

Immunohistochemistry and morphology analysis
Mice were deeply anaesthetized with isoflurane and transcranially 
perfused with saline, followed by ice-cold 4% paraformaldehyde. 
Brain tissues were fixed with 4% paraformaldehyde for 24 hours 
and cryoprotected in 30% sucrose at 4°C for 1 week. The coronal 
brain sections were cut into 25-μm sections by using cryosection 
(Leica CM1950, Germany). Sections were blocked with 5% bovine 
serum albumin in PBS for 2 hours, followed by incubation with 
anti–Iba-1 (Wako, 019-19741) or CD68 (Bio-Road, MCA1957) for 
16 hours (at 4°C). After washing three times in PBS, sections were 
incubated with Goat Anti-Rabbit IgG H&L (Alexa Fluor 488, 
Abcam, ab150077) or Goat Anti-Rat IgG H&L (Cy3, Beyotime, 
A0507) for 1 hour at room temperature. For microglial morphology 
analysis, images of the dentate gyrus (DG) area were acquired 
using a confocal laser scanning microscope (Zeiss, LSM 880). 
Z-stack images containing 8 to 15 steps were taken on a confocal 
microscope using a 20× objective, and all confocal stacks were ac-
quired at a resolution of 1024 × 1024 pixels with a z-step of 1 μm. 
Microglial morphology analysis was measured by IMARIS soft-
ware and ImageJ software.
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Enzyme-linked immunosorbent assay
The level of IFN-β in mouse brain hippocampal tissue was measured 
using the mouse IFN-β ELISA kit (Shanghai Enzyme-linked Bio-
technology, ml063095) according to the manufacturer’s instructions.

Western blot
Radioimmunoprecipitation assay buffer was used to lyse the total 
protein from hippocampus or microglia primary cell cultures, and 
Western blotting was performed as previously described (64). Briefly, 
the protein samples were separated by 10 to 12% SDS-PAGE and 
transferred to 0.45-mm polyvinylidene difluoride (PVDF) mem-
branes. The membranes were blocked with 5% defatted milk for 
60 min and then washed three times with Tris Buffered Saline with 
Tween 20 (TBST). The PVDF membranes were immunoblotted 
with primary antibodies: JAK1 (Cell Signaling Technology, 2926), 
p-JAK1 (Cell Signaling Technology, 3331), Stat1 (Cell Signaling 
Technology, 9191), p-Stat1 (Cell Signaling Technology, 9172), NF-κB 
(Cell Signaling Technology, 8242), p–NF-κB (Cell Signaling Technology, 
3033), PSD95 (Proteintech, 206651-AP), synaptophysin (Proteintech, 
17785-1-AP), cleaved caspase-3 (Cell Signaling Technology, 9661), Bcl-2 
(Abcam, 32124), β-arrestin-2 (Proteintech, 10171-1-AP), Myc-Tag 
(ABclonal, AE010), and β-actin (ABclonal, AC026) at 4°C overnight. 
Last, the membranes were washed with TBST and incubated with 
secondary antibodies: anti-rabbit IgG conjugated to horseradish 
peroxidase (HRP) and anti-mouse IgG conjugated to HRP, at room 
temperature for 2 hours. The membranes were visualized using an 
enhanced chemiluminescent reagent (Millipore, WBKLS0500). Quanti-
fication of band intensity was performed using ImageJ software.

Statistical analysis
GraphPad Prism 8.0, SPSS 19.0, and R 3.6.0 were used for data analyses. 
Data are presented as means ± SEM. Statistical significance was 
determined using two-tailed, unpaired Student’s t tests for two-
group comparisons or one-way analysis of variance (ANOVA) followed 
by Tukey’s post hoc tests for multiple comparisons. Line regression 
was used to assess the correlation of Ffar4 expression with inflam-
matory cytokine expression. MWMs were analyzed by two-way 
repeated-measures ANOVA, followed by Tukey’s post hoc tests. 
P values of <0.05 were considered significant.

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Table S1
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