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Abstract
Aims: Depression is one of the leading causes of disability worldwide. The receptor 
for advanced glycosylation end products (RAGE) is closely related to chronic stress 
and is a target of F- box protein O10 (FBXO10) which promotes the degradation of 
RAGE by ubiquitination. Here, we explored the role of FBXO10 and RAGE in chronic 
unpredictable stress (CUS)- induced behavioral despair, cognitive impairment, neuro-
inflammation, and the polarization microglia.
Methods: Male C57BL/6 mice with or without infusion of viral in the medial pre-
frontal cortex (PFC) were subjected to CUS. Then the mice were exposed to forced 
swim test, sucrose consumption test, novelty- suppressed feeding test, and temporal 
object recognition task to assess the behavioral despair and cognitive impairment. 
Inflammatory cytokines and the neurotrophic factor brain- derived neurotrophic fac-
tor (BDNF) levels in PFC were assessed by enzyme- linked immunosorbent assay. 
Immunofluorescence and immunohistochemistry staining were performed to observe 
the activation and phenotypic transformation of microglia in PFC. LPS- induced cell 
model was constructed to explore the effect of FBXO10/RAGE axis in the polarization 
of microglia in vitro.
Results: FBXO10 promoted RAGE degradation by ubiquitination in BV2 cells. FBXO10 
protein levels were reduced whereas RAGE protein levels were enhanced in CUS 
mice. FBXO10 overexpression or RAGE knockdown inhibited proinflammatory cy-
tokine release, promoted BDNF expression, mitigated the depressive- like and cogni-
tive impairment behaviors, and affected the polarization of microglia induced by CUS 
exposure. FBXO10/RAGE axis promoted the polarization of microglia from the M1 to 
the M2 phenotype in vitro. Moreover, p38 MAPK and NF- κΒ were identified to be the 
downstream effect factors for FBXO10/RAGE axis.
Conclusions: FBXO10 administration prevents CUS- induced behavioral despair, 
cognitive impairment, neuroinflammation, and the polarization of microglia through 
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1  |  INTRODUC TION

Depression is a major source of disability that causes great social 
and economic burdens1,2 and it is urgent for understanding mo-
lecular and cellular mechanisms that drive the pathophysiology of 
depression. Exposure to chronic stress is an important risk factor 
for depression, which could decrease dendrite branching and spine 
density.3,4 The chronic unpredictable stress (CUS) model provides 
the possibility to explore neurobiological regulation mechanisms, 
which could promote microglia- mediated neuronal remodeling and 
synapse loss in the medial prefrontal cortex (PFC) and associated 
behavioral consequences.2,5 These results suggest that neuron- 
microglia interactions contribute to PFC dysfunction. The potential 
mechanisms of functional changes in microglia induced by chronic 
stress remain to be further explored nevertheless.

The receptor for advanced glycosylation end products (RAGE) 
is a membrane- bound receptor and expressed by neurons, glia, and 
endothelial cells.6 RAGE affects neuronal differentiation, cell sur-
vival, neurite outgrowth, and neuroinflammation by binding to dif-
ferent ligands.7 RAGE signaling pathway was also reported strongly 
associated with depression. The stimulation of RAGE in Aβ- enriched 
conditions activates JNK and p38MAPK which further promotes 
IL- 1β release and affects synaptic depression.8 Exposure to stress 
activates RAGE signaling and downstream NF- κΒ signaling to in-
crease transcription of the proinflammatory cytokine, which further 
promotes depressive behaviors.9 The interaction between advanced 
glycation end products (AGEs) and RAGE induces upregulation of 
mitogen- activated protein kinases (MAPKs) and NF- κB, leading to 
endothelial dysfunction.10However, the role of RAGE in depressive 
still needs more exploration.

F- box protein O10 (FBXO10) is one of F- box components 
possessing ubiquitin E3 ligase activity.11,12 In human lymphoma, 
FBXO10 binds antiapoptotic protein BCL- 2 and accelerates its deg-
radation.11 FBXO10 functions as a potential tumor suppressor in 
human lymphoma cells.13 FBXO10 binds to human germinal center- 
associated lymphoma (HGAL), leading to the ubiquitylation and deg-
radation of HGAL, which is involved in lymphomagenesis and other 
immune processes.14 However, the effect of FBXO10 on depression 
is rarely reported. Importantly, FBXO10 also is found to interact 
with RAGE and accelerates its degradation.12 It may be inferred that 
FBXO10 may be involved in depression, given the close association 
between RAGE and depression.

Thus, we investigate the effects of FBXO10/RAGE axis in regulating 
microglial polarization and its role in CUS. Our results revealed that M1 
phenotype microglial was increased in the medial PFC after CUS ex-
posure and FBXO10/RAGE axis could promote microglial polarization 

from the M1 phenotype to the M2 phenotype in vitro and in vivo, which 
may provide potent therapeutic strategies for depression.

2  |  MATERIAL S AND METHODS

2.1  |  Animals

Male C57BL/6 mice (8– 12 weeks old) were purchased from Charles 
River (Beijing, China) and group- housed (4/cage) in 11.5” ×7.5” ×6” 
polypropylene cages under a 12 h light– dark cycle with ad libitum 
access to water and rodent chow. For all studies, mice were ran-
domly assigned to experimental groups. All animal protocols fol-
lowed the guidelines established by the National Institutes of Health 
and were approved by the Animal Care and Use Committee of the 
Sichuan Provincial People's Hospital.

2.2  |  Chronic unpredictable stress (CUS)

CUS was performed as previously described.2 In brief, mice were 
exposed to random stressors daily for 14 days. Stressors included 
cage rotation, isolation, physical restraint, radio noise, food or water 
deprivation, rat odor, light on overnight, light off during day, strobo-
scope overnight, crowding, wet bedding, no bedding, or tilted cage. 
The detailed procedure about the CUS was shown in Table S1.

2.3  |  Surgery and cortical infusion

Mice were anesthetized with ketamine/xylazine (100/10 mg/kg). 
Bilateral viral infusions in the medial PFC (1 μL; 0.1 μL/minute) 
were performed with coordinates (from bregma), +2.0 mm anterior- 
posterior, ±0.2 mm medial- lateral, and −2.8 mm dorsal- ventral.2 
Incisions were closed with sutures and mice received intraperitoneal 
injection of carprofen (5 mg/kg) immediately after surgery and daily 
for the next two days.

2.4  |  Behavioral testing

Forced swim test (FST), sucrose consumption test (SCT), novelty- 
suppressed feeding test (NSF), and temporal object recognition task 
(TOR) were conducted as previously described.2 Behavioral test-
ing was performed in lieu of stressor on day 12 (FST), day 13 (SCT), 
day 14 (NSF), and day 15 (TOR) of the experimental paradigm. All 

decreasing the accumulation of RAGE, p38 MAPK, and NF- κΒ, suggesting potential 
therapeutic strategies for the prevention and treatment of depression.
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behavioral tests were carried out at 08:00– 11:00 in a normally lit 
room (white light). Mice were exposed to all behavior/cognitive tests 
prior to sacrifice for brain region dissection. Immunofluorescence 
and immunohistochemistry staining were performed on paraffin 
brain sections as previously described.15 Data were analyzed with 
ImageJ (NIH Image, Bethesda, MD, USA) to calculate the fluores-
cence intensity or counting number of recognized cells per field. The 
details are provided in Supplemental materials.

2.5  |  Cell culture

BV2 cell line were obtained from Procell (Wuhan, China) and main-
tained in Roswell Park Memorial Institute (RPMI) medium 1640 sup-
plemented with 10% fetal bovine serum and antibiotics (penicillin 
100 U/mL, streptomycin 100 μg/mL). Infected cells were exposed to 
lipopolysaccharide (LPS, 100 ng/mL) for 16 h to induce the polariza-
tion of microglia.

2.6  |  Flow cytometry

To determine the cell quantity of different phenotypes after in-
dicated treatment, harvested cell suspensions were incubated 
Alexa Fluor® 488 mouse monoclonal antibody to CD86 (Abcam, 
ab256270) and Alexa Fluor® 488 rabbit monoclonal antibody to 
CD206 (Abcam, ab195191). Cells were washed, re- suspended in 
FACS buffer, and detected by flow cytometer (CytoFLEX S, Beckman 
Coulter, USA). Non- specific binding was assessed using isotype- 
matched antibodies.

2.7  |  Co- immunoprecipitation

Total protein (500 μg) from cell lysates was precleared with 40 μL 
protein A/G beads for 30 min. Then, primary antibody was added for 
incubation at 4℃ overnight. Beads were slowly centrifuged, washed, 
and heated at 100℃ for 5 min with 80 μL of protein sample buffer 
before SDS- PAGE and immunoblotting.

2.8  |  Statistical analysis

Results are expressed as the means ± SEM. The normality of 
the data distribution was analyzed by the Shapiro- Wilk test. To 
compare differences between two groups, normally distributed 
continuous variables were compared by Student's t- test, while 
non- normally distributed variables were compared by the Mann- 
Whitney test. For multiple comparisons among three groups or 
more groups, data were analyzed using one- way analysis of vari-
ance (ANOVA) followed by Bonferroni's post hoc test if the data 
were normally distributed or by the Kruskal- Wallis test if the data 
were non- normally distributed. A P value of <0.05 was considered 

to indicate a significant difference. All analyses were performed 
by GraphPad Prism 8 software (GraphPad Software, La Jolla, CA, 
USA).

The detailed information for viral preparation, Western 
blot, RNA isolation and real- time PCR, ELISA, Protein Half- 
Life Detection, and in vitro ubiquitination assays are provided 
in Supplemental materials.

3  |  RESULTS

3.1  |  FBXO10 targets RAGE for ubiquitination and 
degradation in BV2 cells

Considering that RAGE was highly conserved in human and mouse 
and the interaction between FBXO10 and RAGE in Beas- 2B cells, we 
wondered whether FBXO10 regulates RAGE level in BV2 cells. We 
firstly altered FBXO10 expression by a recombinant FBXO10 over-
expression vector or two shRNA for FBXO10. As shown in Figure 1A 
and B, the mRNA and protein level of FBXO10 was upregulated after 
the transfection of FBXO10 overexpression vector. The mRNA and 
protein level of FBXO10 was severally inhibited by the both two 
shRNA for FBXO10. Notably, RAGE protein level was reduced after 
FBXO10 overexpression and enhanced after FBXO10 knockdown 
(Figure 1B). Exogenous changes in FBXO10 expression had no effect 
on RAGE mRNA levels. Furthermore, co- immunoprecipitation exper-
iments indicated a strong interaction between RAGE and FBXO10 
protein (Figure 1C and D). FBXO10 overexpression increased RAGE 
degradation in CHX chase experiments (Figure 1E). FBXO10 knock-
down inhibited the degradation of RAGE induced by CHX stimula-
tion (Figure 1F). Considering the direct interaction between FBXO10 
and RAGE and FBXO10 is an authentic E3 ligase subunit, we next 
examined whether FBXO10 directly regulates the ubiquitination of 
RAGE. FBXO10 overexpression enhanced the levels of ubiquitinated 
RAGE (Figure 1G). K374 and S391 are reported to be the key mo-
lecular sites for RAGE stability,12 which are conserved in human and 
mouse (K372 and S389). We next co- overexpressed FBXO10 in cells 
with RAGE constructs (WT, K372R, S389A). FBXO10 overexpres-
sion decreased V5- RAGE levels when co- transfected with RAGE 
WT plasmid, but not with the K372R and S389A plasmid (Figure 1H). 
In short, these results indicated that FBXO10 promoted RAGE deg-
radation by ubiquitination partly dependent on K372 and S389 resi-
dues of RAGE.

3.2  |  FBXO10/RAGE axis participates in CUS

Considering the interaction between FBXO10 and RAGE in BV2 
cells and the strong association between RAGE and depression, 
we speculated that FBXO10/RAGE axis may play a role in depres-
sion. To confirm this conjecture, we then detected the expres-
sion of FBXO10 and RAGE in CUS mice. Male mice were exposed 
to 2 weeks of CUS and then assessed in the FST, SCT, NSF, and 
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TOR on subsequent days (Figure 2A). In the FST, mice exposed to 
CUS had increased immobility (Figure 2B). The sucrose consump-
tion was decreased in CUS compared to controls mice (Figure 2C). 
Similarly, there was a general increase in latency to feed in the NSF 
following CUS (Figure 2D). Furthermore, CUS caused significant 
cognitive impairment with reduced discrimination index in the TOR 
(Figure 2E). Thus, chronic stress- induced behavioral and cognitive 

consequences were observed after CUS. In addition, we found that 
FBXO10 protein levels were reduced whereas RAGE protein lev-
els were enhanced in the medial PFC of CUS mice (Figure 2F). It 
is worth noting that FBXO10 protein levels were negatively cor-
related with RAGE protein levels in CUS mice (Figure 2G). Taken 
together, these studies showed that FBXO10/RAGE axis may par-
ticipate in CUS.

F I G U R E  1  FBXO10 regulates RAGE degradation in BV2 cells. (A) The mRNA levels of FBXO10 and RAGE in BV2 cells after FBXO10 
overexpression or knockdown were detected by qRT- PCR. **P < 0.01 vs. vector; &&P < 0.01 vs. sh- NC; n = 3 per group. (B) The protein 
levels of FBXO10 and RAGE in BV2 cells after FBXO10 overexpression or knockdown were detected by Western blotting. **P < 0.01 
vs. vector; &&P < 0.01 vs. sh- NC; n = 3 per group. (C) The interaction between RAGE and FBXO10. IP for FBXO10 and immunoblotting 
for FBXO10 or RAGE. (D) IP for RAGE and immunoblotting for FBXO10 or RAGE. (E) BV2 cells were transfected with 1 µg empty vector 
or 1 µg V5- FBXO10 for 72 h and then treated with CHX (100 µg/ml) for 2, 4, or 6 h. **P < 0.01 vs. vector; n = 3 per group. (F) BV2 cells 
were transfected with scrambled shRNA or FBXO10 shRNA for 72 h and then treated with CHX (100 µg/ml) for 2, 4, or 6 h. &P < 0.05, 
&&P < 0.01 vs. sh- NC; n = 3 per group. (G) RAGE ubiquitination assays using BV2 cells transfected with the indicated expression vectors. (H) 
FBXO10 co- overexpression reduces RAGE WT but not RAGE K372R and RAGE S389A levels. Cells were transfected with RAGE WT, RAGE 
K372R, or RAGE S389A, with or without FBXO10 plasmid, and immunoblotted for V5
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3.3  |  CUS- induced behavioral despair, cognitive 
impairment, and neuroinflammation are prevented by 
FBXO10 overexpression

After viral packaging, C57BL/6 male mice received bilateral infusion of 
AAV2vehicle or AAV2FBXO10 in the medial PFC. Mice were then subjected 
to CUS after recovery (Figure 3A). FBXO10 overexpression prevented 
the CUS- induced increase in immobility, decrease in sucrose consump-
tion, increase in latency to feed in the NSF, and decrease in discrimi-
nation index in the TOR (Figure 3B- E). AAV2FBXO10 infusion enhanced 
FBXO10 protein levels in controls and CUS mice (Figure 3F). Reduced 
RAGE protein levels were found in the medial PFC of AAV2FBXO10 CUS 
mice. These data showed that FBXO10 overexpression prevented CUS- 
induced behavioral despair and cognitive consequences.

Neuroinflammation plays a vital role in the development of 
depressive behavior,16 we next detected the release of proinflam-
matory cytokine. The results indicated that CUS mice had a higher 
level of TNF- α and IL- 1β compared to the controls mice, and FBXO10 
overexpression inhibited TNF- α and IL- 1β expression induced by 

CUS (Figure 3G). CUS mice had a lower level of TGF- β. FBXO10 over-
expression enhanced TGF- β level in CUS mice. However, CUS did 
not significantly affect the expression of IL- 6 and IL- 10 in the medial 
PFC. Besides, the neurotrophic factor brain- derived neurotrophic 
factor (BDNF), which is beneficial for neuronal survival and brain 
repair, was also found to be upregulated in CUS mice and FBXO10 
overexpression further enhanced BDNF levels in the medial PFC of 
CUS. These findings indicate that CUS exposure significantly altered 
the expression of neuroinflammation, and FBXO10 overexpression 
could partially reverse these changes.

3.4  |  CUS- induced behavioral despair, cognitive 
impairment and neuroinflammation are prevented by 
RAGE knockdown

C57BL/6 male mice received bilateral infusion of AAV2sh−NC or 
AAV2sh−RAGE in the medial PFC (Figure 4A). Similar to FBXO10 over-
expression, RAGE knockdown prevented the CUS- induced increase in 

F I G U R E  2  FBXO10/RAGE axis is involved in CUS. (A) Schematic depicting experimental approach and timeline. (B) Immobility in the 
forced swim test (FST) was shown (n = 8 per group). (C) Total sucrose consumer was shown (n = 8 per group). (D) Latency to feed in the 
novelty- suppressed feeding test (NSF) was shown (n = 8 per group). (E) Discrimination index in the temporal object recognition (TOR) task 
was shown (n = 8 per group). (F) The protein levels of RAGE and FBXO10 in PFC were detected by Western blotting (n = 3 per group). (G) 
Correlation analysis for RAGE and FBXO10 protein levels in PFC. Bars represent the mean ±SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. 
control mice (CON)
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immobility, decrease in sucrose consumption, increase in latency to feed 
in the NSF, and decrease in discrimination index in the TOR (Figure 4B- 
E). RAGE knockdown reduced RAGE protein levels in the medial PFC in 
both controls and CUS groups and there was no significant change in 
the expression of FBXO10 after RAGE knockdown (Figure 4F). These 
findings indicated that RAGE knockdown prevented CUS- induced be-
havioral despair and cognitive consequences. We also found that RAGE 
knockdown inhibited TNF- α and IL- 1β expression induced by CUS and 
promoted TGF- β and BDNF expression in CUS groups (Figure 4G). 
However, RAGE knockdown did not significantly affect the expression 

of IL- 6 and IL- 10 in the medial PFC. These findings suggest that RAGE 
knockdown could partially reverse neuroinflammation induced by CUS.

3.5  |  FBXO10 prevented CUS- induced behavioral 
despair, cognitive impairment, and neuroinflammation 
by promoting RAGE degradation

C57BL/6 male mice received bilateral infusion of AAV2vehicle, 
AAV2FBXO10, AAV2RAGE, or AAV2FBXO10 plus AAV2RAGE in the medial 

F I G U R E  3  CUS- induced behavioral despair, cognitive impairment, and neuroinflammation are prevented by FBXO10 overexpression. (A) 
Schematic depicting experimental approach and timeline. Male wild- type mice received bilateral infusion of AAV2vehicle or AAV2FBXO10 and 
were subjected to 14 days of CUS after recovery. (B- E) Immobility in the FST, total sucrose consumer, latency to feed in the NSF, and 
discrimination index in the TOR were shown (n = 8 per group). (F) The protein levels of RAGE and FBXO10 in PFC were detected by Western 
blotting (n = 3 per group). (G) The levels of inflammatory cytokines TNF- α, IL- 1β, IL- 6, IL- 10, TGF- β, and the neurotrophic factor brain- derived 
neurotrophic factor brain- derived neurotrophic factor (BDNF) in tissue homogenate of medial PFC were measured using ELISA (n = 3 per 
group). Bars represent the mean ±SEM. *P < 0.05, **P < 0.01 vs. AAV2vehicle control mice; &P < 0.05, &&P < 0.01 vs. AAV2vehicle CUS mice
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PFC (Figure 5A). RAGE overexpression reversed the increase in im-
mobility, decrease in sucrose consumption, increase in latency to 
feed in the NSF, and decrease in discrimination index in the TOR 
induced by FBXO10 overexpression in CUS mice (Figure 5B- E). 
Consistent with the previous experimental results, FBXO10 over-
expression decreased RAGE levels, and RAGE overexpression did 
not affect FBXO10 levels in the medial PFC of CUS mice (Figure 5F). 
However, RAGE overexpression rescued RAGE levels reduced by 
FBXO10 overexpression. We also found that RAGE overexpres-
sion rescued TNF- α, IL- 1β, TGF- β, and BDNF expression induced 
by FBXO10 overexpression (Figure 5G). These results suggest that 

FBXO10 prevents CUS- induced behavioral despair, cognitive impair-
ment, and neuroinflammation by promoting RAGE degradation.

3.6  |  FBXO10/RAGE axis regulates morphological 
alterations of microglia in the medial PFC after 
CUS exposure

We next explored the morphological alterations in microglia and 
Iba- 1 was selected as a microglia marker. Representative images of 
Iba- 1 immunohistochemistry in control or CUS mice with indicated 

F I G U R E  4  CUS- induced behavioral despair, cognitive impairment, and neuroinflammation are prevented by RAGE knockdown. (A) 
Schematic depicting experimental approach and timeline. Male wild- type mice received bilateral infusion of AAV2sh−NC or AAV2sh−RAGE and 
were subjected to 14 days of CUS. (B- E) Immobility in the FST, total sucrose consumer, latency to feed in the NSF, and discrimination index 
in the TOR were shown (n = 8 per group). (F) The protein levels of RAGE and FBXO10 in PFC were detected by Western blotting (n = 3 per 
group). (G) The levels of TNF- α, IL- 1β, IL- 6, IL- 10, TGF- β, and BDNF in tissue homogenate of medial PFC were measured using ELISA (n = 3 
per group). Bars represent the mean ±SEM. *P < 0.05, *P < 0.01 vs. AAV2sh−NC control mice; &P < 0.05 vs. AAV2sh−NC CUS mice



    |  1511LI et aL.

treatment were shown in Figure 6A. CUS exposure significantly 
increased Iba- 1 positive microglia in the medial PFC (Figure 6B). 
FBXO10 overexpression reduced the density of Iba- 1 positive 
microglia and RAGE overexpression enhanced the density of 
Iba- 1 positive microglia in the medial PFC. Besides, RAGE over-
expression rescued the density of Iba- 1 positive microglia in the 

medial PFC induced by FBXO10 overexpression. Proportional area 
analyses of Iba- 1 showed that CUS significantly increased Iba- 1 
immunolabeling in the medial PFC (Figure 6C), indicating morpho-
logical changes in microglia. These results suggest that CUS expo-
sure promotes microglia activation, and FBXO10/RAGE axis was 
involved in CUS- induced microglia activation.

F I G U R E  5  FBXO10 prevented CUS- induced behavioral despair, cognitive impairment, and neuroinflammation by promoting RAGE 
degradation. (A) Schematic depicting experimental approach and timeline. Male wild- type mice received bilateral infusion of AAV2vehicle, 
AAV2FBXO10, AAV2RAGE, or AAV2FBXO10 plus AAV2RAGE and were subjected to 14 days of CUS. (B- E) Immobility in the FST, total sucrose 
consumer, latency to feed in the NSF, and discrimination index in the TOR were shown (n = 8 per group). (F) The protein levels of RAGE and 
FBXO10 in PFC were detected by Western blotting (n = 3 per group). (G) The levels of TNF- α, IL- 1β, TGF- β, and BDNF in tissue homogenate 
of medial PFC were measured using ELISA (n = 3 per group). Bars represent the mean ±SEM. *P < 0.05 vs. AAV2vehicle; &P < 0.05 vs. 
AAV2FBXO10
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3.7  |  FBXO10/RAGE axis regulates the 
polarization of microglia in the medial PFC after 
CUS exposure

Based on the research above, FBXO10/RAGE axis contributed to 
preventing neuroinflammation induced by CUS. The proinflamma-
tory (M1) and anti- inflammatory (M2) activity of microglia play im-
portant role in the progression of neuroinflammation. We further 
analyzed the effects of FBXO10/RAGE axis on the expression of 
M1 markers (CD86) and M2 markers (CD206) by immunofluores-
cence. CUS exposure increased the immunofluorescence intensity 
of CD86 and decreased the immunofluorescence intensity of CD206 
in the medial PFC, suggesting that CUS exposure promoted the ac-
cumulation of M1 phenotypic microglia (Figure 7A and B). RAGE 
overexpression further accelerated M1 phenotypic polarization of 
microglia induced by CUS exposure. FBXO10 overexpression obvi-
ously decreased CD86- positive microglia and increased CD206- 
positive microglia, indicating that FBXO10 promoted M1 phenotypic 
microglia toward M2 phenotype microglia in CUS mice. Furthermore, 
RAGE overexpression recovered the M2 phenotypic polarization of 
microglia induced by FBXO10 overexpression. Our results indicate 
that FBXO10/RAGE axis may improve CUS by regulating the polari-
zation of microglia.

3.8  |  FBXO10/RAGE axis participates in LPS- 
induced microglia polarization in vitro

To verify whether FBXO10/RAGE axis directly regulates M1/M2 
polarization of microglia, BV2 cells were selected and activated by 
using 100 ng/ml LPS for 16 h stimulation. LPS stimulation upregu-
lated RAGE protein levels and decreased FBXO10 protein levels 
(Figure 8A). LPS stimulation caused a robust increase in mRNA levels 
of M1 markers (CD86 and iNOS) in BV2 microglia cells (Figure 8B). 
FBXO10 overexpression significantly attenuated CD86 and iNOS 
mRNA expressions while RAGE overexpression significantly 
promoted mRNA levels of CD86 and iNOS after LPS treatment 
(Figure 8B). Under LPS treatment, RAGE overexpression recovered 
mRNA levels of CD86 and iNOS reduced by FBXO10 overexpression 
in BV2 microglia cells. Inversely, LPS treatment caused a decrease 
in mRNA levels of M2 markers (CD206 and Arg1) in BV2 microglia 
cells (Figure 8C). FBXO10 overexpression enhanced mRNA levels 
of CD206 and Arg1. RAGE overexpression recovered mRNA lev-
els of CD206 and Arg1 enhanced by FBXO10 overexpression in 
BV2 microglia cells. In addition, the flow cytometry results showed 
an enhancement of the percentage of CD86+ cells and no signifi-
cant change in the percentage of CD206+ cells after LPS treatment 
(Figure 8D and E). FBXO10 overexpression decreased the percent-
age of CD86+ cells and increased the percentage of CD206+ cells. 
RAGE overexpression recovered the effect on the percentage of 
CD86+ cells and CD206+ cells induced by FBXO10 overexpression. 
Moreover, p38 MAPK and NF- κΒ were accumulated in BV2 microglia 
cells after LPS stimulation (Figure 8F and G). FBXO10 overexpression 

decreased p38 MAPK and NF- κΒ protein expression whereas RAGE 
overexpression enhanced p38 MAPK and NF- κΒ protein expression. 
RAGE overexpression reversed the accumulation of p38 MAPK and 
NF- κΒ induced by FBXO10 overexpression, suggesting p38 MAPK 
and NF- κΒ were the downstream effect factors for FBXO10/RAGE 
axis. All these results suggested that FBXO10/RAGE axis partici-
pated in microglia polarization.

4  |  DISCUSSION

The present study suggested that CUS exposure caused an increase 
of RAGE, a decrease of FBXO10, the abnormal expression of inflam-
matory cytokine and neurotrophic factor BDNF in PFC. Importantly, 
CUS exposure induced M1 phenotypic polarization of microglia. 
FBXO10 overexpression or RAGE knockdown inhibited proinflam-
matory cytokine release, promoted BDNF expression, mitigated the 
depressive- like and cognitive impairment behaviors, and inhibited 
the polarization of M1 microglia. We also identified that p38 MAPK 
and NF- κΒ were the downstream effect factors for FBXO10/RAGE 
axis. Our study may provide new targets for the treatment of 
depression.

A growing body of research shows that chronic stress exposure 
causes PFC dysfunction which is involved in the neurobiology of 
depression.17,18 Stress exposure induces morphological and func-
tional alterations in microglia which participates in homeostatic neu-
ronal function and synaptic plasticity.19- 22 Stress- induced neuronal 
remodeling is reported to be attributed to resident microglia.2,23 
In this study, we found that CUS exposure caused depressive- like 
behaviors and cognitive impairment. These behavioral effects were 
related to the dysregulated microglia function, including altered ex-
pression of neuroinflammation and the polarization of microglia in 
the medial PFC.

Neuroinflammation plays a crucial role in affective disorders pro-
gression24 and could be a contributing factor in the development of 
depression.25,26 The activation of microglia27,28 and overexpression 
of proinflammatory cytokines in some brain areas are associated 
with the development of depression.29- 31 Peripheric inflammation 
activation such as the increased levels of IL- 1β, IL- 6, and interferon- γ 
are found in depressive patients or animal model of depression.32,33 
Activated microglia has been regarded as a key source of local proin-
flammatory cytokines in the brain, including IL- 1β, IL- 18, TNFα, and 
IL- 6, driving progressive neuron damage.34Treatment with IL- 1β 
receptor antagonist reverses CUS- induced depressive- like behav-
ior.16,35 Our results showed that after CUS exposure, TNFα and IL- 1β 
were increased whereas TGFβ were decreased. However, there was 
no significant change for IL- 6 and IL- 10 in CUS- induced mice. In this 
process, Iba- 1, the activated marker of microglia was consistently 
increased, indicating that microglia were activated in PFC following 
chronic stress.

The polarization balance of microglia is a hot topic in recent 
years. Microglia actively maintain central nervous system integ-
rity and regulate brain functions.36 The polarization of microglia 
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F I G U R E  6  FBXO10/RAGE axis regulates morphological alterations in microglia in the medial PFC after CUS exposure. Male wild- type 
mice received bilateral infusion of AAV2vehicle, AAV2FBXO10, AAV2RAGE, or AAV2FBXO10 plus AAV2RAGE and were subjected to 14 days of 
CUS. Three hours after the final stressor, mice were perfused and brains collected for immunohistology. (A) Representative images of Iba- 1 
immunohistochemistry in the medial PFC were shown. Scale bar represents 20 μm. (B) Quantification of Iba- 1 proportional (%) area in the 
medial PFC (n = 8 per group). (C) Number of Iba- 1 microglia per field in the medial PFC (n = 3 per group). Bars represent the mean ±SEM. 
#P < 0.05, ##P < 0.01 vs. control mice; *P < 0.05, **P < 0.01 vs. AAV2vehicle; &P < 0.05, &&P < 0.01 vs. AAV2FBXO10

F I G U R E  7  Co- expression of Iba- 1 and M1/M2 phenotype markers. (A) Medial PFC co- stained for Iba- 1 (microglia marker, red) and CD86 
(M1 marker, green) and the quantification of CD86-  and Iba- 1- positive cells were shown in the right side (n = 8 per group). (B) Medial PFC 
co- stained for Iba- 1 (red) and CD206 (M2 marker) (green) and the quantification of CD206-  and Iba- 1- positive cells were shown in the right 
side (n = 8 per group). Bars represent the mean ±SEM. ##P < 0.01 vs. control mice; *P < 0.05, **P < 0.01 vs. AAV2vehicle; &P < 0.05 vs. 
AAV2FBXO10
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F I G U R E  8  FBXO10/RAGE axis participates in LPS- induced microglia polarization in vitro. BV2 cells with or without infection were 
treated with LPS for 16 h. (A) The protein levels of FBXO10 and RAGE in BV2 cells were detected by Western blotting. (B) The mRNA 
levels of M1 markers (CD86 and iNOS) were detected by qRT- PCR. (C) The mRNA levels of M2 markers (CD206 and Arg1) were detected 
by qRT- PCR. (D- E) Surface expressions of CD86 and CD206 in BV2 cells after indicated treatment were detected by flow cytometry. The 
percentage of CD86+ and CD206+ cells in the microglia was determined. (F- G) The protein levels of p38 MAPK and NF- κΒ in BV2 cells were 
detected by Western blotting. Bars represent the mean ±SEM. #P < 0.05, ##P < 0.01 vs. control group; *P < 0.05, **P < 0.05, ***P < 0.01 vs. 
AAV2vehicle; &P < 0.05, &&P < 0.01 vs. AAV2FBXO10; n = 8 per group
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was closely related to brain disorders and cognitive impairment,37 
brain recovery from neuronal injuries,38 as well as depression.39- 41 
As the polarization balance of M1/M2 can be reversed,42 treat-
ment strategies based on regulating M1- to- M2 phenotypic 
conversion of microglial may be utilized in the treatment of de-
pression. In the present study, we found that FBXO10/RAGE axis 
was involved in the polarization of microglia. FBXO10 overex-
pression decreased M1 phenotypic microglial and increased M2 
phenotypic microglial. RAGE overexpression increased M1 phe-
notypic microglial and decreased M2 phenotypic microglial. These 
results suggested that FBXO10/RAGE axis promoted M1 to M2 
phenotypic conversion.

In summary, we confirmed that FBXO10 triggered degrada-
tion of RAGE protein by ubiquitination also was involved in de-
pression. We firstly explored the role of FBXO10 in CUS- induced 
mice. FBXO10 administration prevented CUS- induced behav-
ioral despair, cognitive impairment, neuroinflammation, and the 
polarization microglia through decreasing the accumulation of 
RAGE, p38 MAPK, and NF- κΒ. This work provides insight into 
mechanisms that link PFC dysfunction and associated behavioral 
consequences. Moreover, our data support the development of 
therapeutic strategies for treatment of psychiatric or neurolog-
ical disease.
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