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Purpose: Neuroinflammation is a significant etiological factor in the development of depression. Traditional Chinese medicine 
(TCM) has demonstrated notable efficacy in the treatment of inflammation. Our previous study surfaces that the active fraction of 
Polyrhachis vicina Roger (AFPR) has antidepressant and anti-neuroinflammatory effects, but the specific mechanisms remain to be 
elucidated. The objective of this study was to examine the impact of AFPR on inflammation in depression via the FTO/miR-221-3p/ 
SOCS1 axis.
Methods: Chronic unpredictable stress (CUMS)-induced rats and LPS-induced BV2 cells were employed to simulate depression models 
in vivo and in vitro. The levels of inflammatory factors were detected using the ELISA assay. The expression of genes and proteins was 
detected using qRT-PCR and Western blot. Gene interactions were detected using the dual luciferase reporter gene. Protein-RNA 
interactions were investigated using RNA methylation immunoprecipitation (MeRIP) and RNA immunoprecipitation (RIP). 
Neuroinflammation in the brain was examined through H&E staining, while neuronal apoptosis was assessed using TUNEL staining.
Results: The results showed that AFPR ameliorated depression induced inflammation by increasing SOCS1 expression. However, 
SOCS1 was identified as a target of miR-221-3p. Overexpression of miR-221-3p decreased the expression of SOCS1 and increased the 
levels of NF-κB, IL-7, and IL-6. In addition, we found that miR-221-3p was regulated by FTO-mediated m6A modification through 
MeRIP and RIP experiments. Interference with miR-221-3p and overexpression of FTO resulted in increased SOCS1 gene expression 
and decreased levels of NF-κB, IL-7, and IL-6, which were reversed by AFPR.
Conclusion: AFPR inhibits the maturation of pri-miR-221-3p through FTO-mediated m6A modification, reduces the production of 
miR-221-3p, increases the expression of SOCS1, and reduces the level of inflammation, thereby improving depressive symptoms.
Keywords: depression, FTO, SOCS1, inflammation, Polyrhachis vicina Roger

Introduction
Depression is a mental disorder that poses a serious risk to people’s physical and mental health. Among 
Americans, suicide caused by depression is the tenth leading cause of death.1,2 The problem should not be under
estimated in China, where an increasing number of stars have reported suicide due to depression in recent years, and the 
disease has attracted great attention from the Chinese government. However, the pathophysiology of depression is still 
not fully understood. A better understanding of the molecular mechanisms underlying the onset and progression of 
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depression is therefore still needed. In addition, traditional antidepressants are statistically ineffective in about 40% of 
patients worldwide. The search for more effective and less toxic antidepressants is therefore of great importance.

The Polyrhachis vicina Roger is a popular herb in southern China, which is known to tonify the kidneys and benefit 
the vital essence, detoxifying and eliminating swellings, and activating the meridians and collaterals. It is commonly used 
clinically for insomnia, neurasthenia, osteomyelitis, alopecia, rheumatism and paralysis, and other illnesses.3,4 AFPR was 
petroleum ether extract of it. In previous studies, we found that the main components of AFPR are hexadecenoic acid, 
hexadecanoic acid, E-Octadecenoic acid, etc., and have anti-inflammatory bone loss, anti-cancer, anti-pruritus, anti- 
depression, anti-fatigue, and other effects.5–9 We have demonstrated that AFPR can improve depression through 
neuroinflammation in our previous studies, but its mechanism of action to improve depression through neuroinflamma
tion has not been clarified. Studies have shown that xiaoyao pills can improve depression by inhibiting lipopolysacchar
ide-induced inflammatory responses.10 Pulsatilla chinensis saponins inhibit intestinal inflammation-mediated IDO1 
overexpression and rebalance tryptophan metabolism to improve depressive symptoms in mice.11 The above studies 
suggest that TCM can improve depression by suppressing inflammation and related indicators. However, there are still 
fewer studies on TCM regulating inflammation-related genes to improve depression through m6A modification. 
Therefore, this paper intends to explore the relevant mechanism of AFPR exerting antidepressant effects through 
inhibiting inflammation via m6A modification.

Research suggests that inflammation plays an important role in the maintenance and development of depression.12 

Depressed patients and rats produced more pro-inflammatory cytokines,13,14 and inhibition of inflammation reduces symp
toms associated with depression.15 It is important to note that inflammation is not unique to depression. Abnormal levels of 
inflammatory factors in the blood increase the likelihood of conditions such as depression, schizophrenia, and bi-directional 
affective disorder.16 Levels of IL-6, TNF, IL-1Rα, and SIL2R in the above disorders are significantly elevated during acute 
exacerbations and decreased after treatment, suggesting that an acute inflammatory state may be present in psychiatric patients 
in the acute phase. In addition, studies have shown that psychological stress (a risk factor for depression) induces an 
inflammatory response and that stress in healthy volunteers leads to elevated inflammatory markers.17 Therefore, under
standing the role of inflammation in the treatment response to depression is crucial. Microglia are predominantly immune cells 
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in the central nervous system. Upon injury and pathogen invasion, microglia are rapidly activated and release inflammatory 
cytokines to mediate the inflammatory response.18 Cytokine inhibitory signaling protein (SOCS) is specifically expressed on 
the cell surface, and the reduction of cellular inflammation is related to the activation or high expression of SOCS.19 

Overexpression of SOCS1 in microglia and macrophages inhibits microglial hyperactivation.20

MiR-155-5p has been shown to promote inflammation in depression by down-regulating the expression of the target 
gene SOCS1, and shanzhiside methyl ester reverses this process.21 Interestingly, a single miRNA can regulate hundreds 
of target genes, and a single target can also be regulated by hundreds of miRNAs.22 A growing body of research suggests 
that miRNAs may influence the course of depression by regulating target genes.23–25 However, how miRNAs and target 
genes affect depression and whether drugs can directly or indirectly regulate the miRNA/target gene axis to ameliorate 
depression remains to be explored.

RNA m6A modifications have the effect of modifying eukaryotic RNA, are widespread in the brain, and are 
dynamically reversible in mammals.26 M6A methylation regulates mRNA splicing, decay, expression, and translation, 
and is important in various cellular pathways and processes including cell differentiation, development, and 
metabolism.27–30 Studies have shown that m6A is involved in key processes of neurobiological functions, including 
neurogenesis, synaptic plasticity, learning, and memory.26,31 However, the mechanism of action of m6A in regulating 
depression remains to be elucidated.

In this study, we used in vitro and in vivo models to determine the regulatory relationship of AFPR on SOCS1 and 
then identified the SOCS1 target gene miR-221-3p by bioinformatics analysis and qRT-PCR validation. In addition, we 
found that FTO was highly expressed in depression, while AFPR could decrease its expression; therefore, we speculated 
that FTO might be involved in miRNA maturation in depression, leading to increased inflammation levels. The results 
showed that FTO-mediated modification of m6A enhanced the recognition of pri-miR-221-3p by DGCR8 and promoted 
the maturation of miR-221-3p. The increased expression of miR-221-3p inhibited the expression of SOCS1, and AFPR 
was able to reverse the process and thus alleviate the inflammatory response in depression.

Materials and Methods
Reagents
Dried Polyrhachis vicina Rogers was provided by Nanning Zhenyuan Biotechnology Co., LTD (Nanning, Guangxi, 
China), and the AFPR was obtained according to the previous extraction method.4 Interleukin-6, Interleukin-7, and 
Interleukin-10 assay kits were provided by Shanghai Fanke Industrial Co., LTD (Shanghai, China). 
Beyotime Biotech inc. provides a step-by-step TUNEL apoptosis assays kit with green fluorescence (Shanghai, 
China). Anti-SOCS1 was provided by Abcam (UK). Trizol, the reverse transcription and amplification kit was provided 
by Vazyme Biotech Co., LTD (Nanjing, Jiangsu, China). The Mir-x miRNA First-Strand Synthesis Kit was provided by 
TaKaRa (Japan). Methylated RNA Immunoprecipitation (MeRIP) kit and RNA Immunoprecipitation (RIP) Kit were 
provided by Boxin Biotechnology Co., LTD (Guangzhou, China). RiboSCRIPTTM mRNA/lncRNA qRT-PCR Starter Kit 
was provided by Ruibo Biotechnology Co., LTD (Guangzhou, China).

Animals
The experiment was approved by the Animal Ethics Committee of the Guangxi Institute of Chinese Medicine & 
Pharmaceutical Science, and all animal testing procedures were carried out by the Regulations on the Administration 
of Experimental Animals in China (1988, as amended in 2017). Wistar rat, male, 8 weeks old, supplied by Tianqin 
Biotech Co., Ltd., Changsha (Changsha, Hunan, China). All animals are housed in a standard SPF-rated animal house 
and receive free food and water.

Drug Administration and Chronic Unpredictable Mild Stress (CUMS) Model
Animals were randomly divided control group, model group, positive group (fluoxetine 5 mg·kg−1), high dose group 
(AFPR 40 mg·mL−1, 30 times the human dose), and low dose group (AFPR 10 mg·mL−1, the human dose), with 10 rats 
in each group and administered by gavage. The CUMS model was as described previously.32 Briefly, rats were randomly 
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given two stimuli daily: forced swimming in ice water for 6 min, noise for 2 h, day/night reversal, cage tilt at 45° for 12 
h, tail clamping for 3 min, fasting for 24 h followed by water fasting for 2 h, wet bedding for 24 h, solitary caging for 48 
h or crowding for 12 h. These stressors were randomly given for 6 weeks to prepare CUMS rat model. The drug was 
administered once daily before stress for 42 consecutive days. Control group rats were housed normally without being 
exposed to any of the above stressors.

Behavioral Tests
The ptosis test was as described previously.33 Briefly, the rats were placed on a fixed stent to observe the number of 
animals whose eyes could not open half and calculate the antagonistic rate, antagonistic rate (%) = (1− ptosis rats/total 
number of animals in the group) ×100%. The experiment simulates the droopy eyelid state caused by psychological 
disorders in depressed animals.

Motion inhibition test (MIT) was as described previously.33,34 In short, the animal was placed in the center of 
a circular whiteboard 40 cm in diameter and observed for 30s, and the time the animal left the circular whiteboard was 
recorded. The experiment simulated a state of reduced movement in depressed animals.

Cell Culture and Treatment
Mouse microglia BV-2 (Suzhou Starfish Biotechnology Co., LTD.) were cultured in a specific medium and placed in 
a cell culture incubator (37°C, 5% CO2). The medium was changed once every 1–2 days, depending on cell growth.

Lipopolysaccharide (LPS) was formulated at a concentration of 1 mg·mL−1 and dissolved in dimethyl sulfoxide 
(DMSO). AFPR was formulated at a concentration of 1 g·mL−1 and dissolved in phosphate-buffered saline (PBS).32,35 

The in vitro model of LPS-induced BV2 is mainly based on reference,36 and was adapted accordingly. In brief, 
each well was implanted with 1 × 106 cells on the 6-well plate and divided into control, model (LPS 1 μg·mL−1), AFPR 
group (2 mg·mL−1 and 1 mg·mL−1) groups. BV2 cells were pretreated with LPS for 2 hours and then AFPR was added for 
24 hours. The supernatant and cells were collected by centrifugation and used for subsequent experimental assays.

Cytotoxicity Assays
BV-2 cells were inoculated into 96-well plates and treated with AFPR (0.5–50 mg·mL−1) for 24 h. The old medium was 
discarded and 100 µL of freshly prepared CCK-8 solution was added to each well. After incubation for 1 hour, 
absorbance was measured at 450 nm with a microplate reader.

Cell Transfection
All plasmids used in this study were provided by Guangzhou RiboBio (Guangzhou, China). Cell transfection was 
performed using liposome 2000 reagent (Invitrogen, Carlsbad, CA). The methods of cell culture, drug administration, 
and modeling are the same as above, and the transfection process is according to kit instructions. Briefly, add transfection 
reagents and target plasmids respectively, and then mix gently followed by incubating for 5 min at room temperature, 
adding the corresponding mixture to the cells respectively, and incubating them in the incubator. After 8 h, replace 
a complete medium for another 72 h culture.

Dual-Luciferase Reporter Assay
HEK293T cells co-transfected with Lipofectamine 2000, miR-221-3p, NC, and the corresponding plasmids. After 48 h of 
transfection, cells were collected and analyzed for the double Luciferase activities of the double-Luciferase Reporter Assay Kit.

Inflammatory Factor Detection
The rat serum and cell supernatant were taken and placed at −20°C for later use. IL-6, IL-7, IL-10, and NF- 
ΚB protein levels were detected as per kit instructions. Briefly, 50 µL of different concentrations of standards were 
added to the standard wells; 40 µL of sample dilution was added to the sample wells first, and then 10 µL of the sample 
was added. Blank wells without adding sample and enzyme reagent, the rest of the steps are the same. Then, 100 µL of 
enzyme reagent was added to each well, incubated at 37°C for 1h, and the plate was washed with washing solution 5 
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times, each time for 30s, and then 50 µL of color developer A and 50 µL of color developer B were added successively 
after patting it dry, displayed at 37°C for 15 min away from light, added 50 µL of termination solution, and the 
absorbance was measured at 450 nm.

Pathological Detection
H&E, Nissl, and Tunnel staining were employed to measure the variations and apoptosis of neurons in rat brain tissue. 
Specific methods are described below.

1. H&E staining: The rat brain tissue was fixed in 4% paraformaldehyde, embedded in paraffin, sectioned (5 μm), the 
slices were dewaxed in xylene for 10 min each, and then rehydrated in gradient ethanol for 5 min each, then 
stained with hematoxylin for 5 min, hydrochloric acid alcohol (75%) fraction, washed back to blue, eosin soaked 
for 3 minutes, rinsed water, ethanol dehydrated for 10s, transparent in xylene for 1 minute, air dried, sealed in 
neutral resin.

2. Nissl staining: Paraffin sections were deparaffinized and rehydrated, washed in water, stained with toluidine blue 
for about 5 minutes, examined microscopically, washed in water, dried, and re-stained with the staining solution 
for 5 minutes, washed in water, differentiated with glacial acetic acid (0.01%), washed in water to terminate the 
reaction, examined microscopically, washed in water, dried, and transparent with xylene for 10 minutes, and 
sealed with a neutral gel. Microscopically, the nictitating bodies were purple and the nuclei were lavender.

3. Tunel staining: Paraffin sections were deparaffinized and rehydrated, and treated with Proteinase K working 
solution at 37°C for 25 min; washed with PBS, 50 μL of Tunel reaction mixture was added evenly dropwise onto 
the specimen, and coverslips were protected from light at 37°C for 1 h. The slides were dried, and the Converter- 
POD working solution was incubated at 37°C for 30 min. The specimens were incubated for 30 min at 37°C in 
a wet box protected from light. DAB substrate was used for color development for 10 min, hematoxylin was used 
for re-staining, xylene was used for transparency, and neutral gum was used to seal the slides. Light microscopy 
was used for photography.

Detection of m6A Modification
Total RNA from BV2 cells of about 2×107 was extracted with TRIzol according to the method provided by the 
manufacturer. The RNA was fragmented using the reagent fragmentation method and divided into IP and IgG groups. 
The m6A and IgG antibodies were added to the IP and IgG groups respectively and incubated at 4°C for 4 h. Then 
prepare Protein A/G beads and add them to the IP and IgG groups and incubate for 1 h at 4°C. Add the appropriate 
reagents and collect the supernatant for RNA extraction. Finally, qRT-PCR was used to detect co-precipitated RNA 
samples that will contain m6A modification sites.

RNA Immunoprecipitation
Collecting cells and added lysis solution followed by lysed at 4°C for 30 min, centrifuged, and then the supernatant was 
collected, 50 µL RNA was taken as input group, and the rest of the samples were conjugated with IgG antibody or DGCR8 
antibody. The beads were then incubated for 4 h at 4°C, washed six times with buffer, eluted with buffer containing SDS 
(0.1%) and proteinase k, and incubated for 30 min at 55°C. RNA from the input and immunoprecipitation was extracted 
with TRIzol reagent and reverse transcribed into cDNA according to the instructions for qRT-PCR validation.

qRT-PCR
Rat brain tissue and BV2 cells were collected to extract total RNAs by TRIzol reagent. Then the total RNAs were 
reversed transcription by the HiScript III RT SuperMix for qPCR (+gDNA wiper) or the Mir-x miRNA First-Strand 
Synthesis Kit. qPCR was conducted by the ChamQ SYBR qPCR Master Mix or riboSCRIPTTM mRNA/lncRNA qRT- 
PCR Starter Kit in a LightCycler 480 II Real-Time PCR thermal cycler (Roche, Switzerland). The primer sequences were 
synthesized by Shanghai Sangon Biotech Co., Ltd (Table 1). Relative gene expression was calculated using 
2−ΔΔCT with GAPDH and U6 as endogenous control genes.
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Western Blot
BV2 cells were harvested and 100 mg rat brain tissue was weighed, then added 500 μL mixed lysate (RIPA lysate: 
phosphatase inhibitor: protease inhibitor = 50:1:1) to the cells and tissues, and ground the cells and tissue thoroughly 
using a grinding machine (FastPrep-24TM 5G, USA), and centrifuged at 4°C for 10 min, the supernatant was collected 
and stored at −80°C. Following the determination of protein concentration by the BCA method, proteins were denatured 
at 95°C. Aliquots of protein samples were loaded onto 12.5% sodium dodecyl sulfate-polyacrylamide gels for electro
phoresis and then transferred onto NC membranes.37 The membrane was then blocked with 5% skimmed milk powder 
for 1 h. Membranes were then washed with TBST for 5 min for three washes, and the SOCS1 primary antibody (1:1000) 
was incubated overnight at 4°C followed by incubation with the secondary antibody for 1 h at room temperature. The 
protein bands were stained with the ECL reagent (Vazyme, Nanjing, China). Image J software was used to analyze the 
grayscale values for each band.

Statistical Analysis
SPSS 22.0 software (SPSS, Inc., Chicago, IL, USA) and GraphPad Prism 8.0 were used for statistical analyses. Data 
were expressed as mean ± standard deviation (SD) values and unpaired two-tailed Student’s T-test was used to determine 
the significance of the differences between the two groups; a two-way analysis of variance (ANOVA) was used for the 
multiple comparisons. P<0.05 indicated statistical significance. Graphs were plotted using the GraphPad Prism 8.0 
software package.

Table 1 The Sequences of the Primers for qRT-PCR

Name Sequences (5’-3’) Size Species

IL-6-R ACTTCCAGCCAGTTGCCTTCTTG 23 Rat
IL-6-F TGGTCTGTTGTGGGTGGTCTC 24 Rat

IL-7-R GCTGCTTTTCTAAATCGTGCTGCTC 25 Rat

IL-7-F ACCAGTGTTTGTGTGCCGTCTG 22 Rat
NF-κB-R TGTGGTGGAGGACTTGCTGAGG 22 Rat

NF-κB-F AGTGCTGCCTTGCTGTTCTTGAG 23 Rat

SOCS1-R AGCCATCCTCGTCCTCGTCTTC 22 Rat
SOCS1-F GAAGGTGCGGAAGTGAGTGTCG 22 Rat

GAPDH-R GAGAAGGCAGCCCTGGTAAC 20 Rat
GAPDH-F GACAGCCGCATCTTCTTGTG 20 Rat

IL-6-R CTTCTTGGGACTGATGCTGGTGAC 24 Mouse

IL-6-F TCTGTTGGGAGTGGTATCCTCTGTG 25 Mouse
IL-7-R GCTGCTTTTCTAAATCGTGCTGCTC 25 Mouse

IL-7-F GTTCACCAGTGTTTGTGTGCCTTG 24 Mouse

NF-κB-R ATGGGAAACCGTATGAGCCTGTG 23 Mouse
NF-κB-F AGTTGTAGCCTCGTGTCTTCTGTC 24 Mouse

SOCS1-F CCTCGTCCTCGTCTTCGTCCTC 22 Mouse

SOCS1-R TAATCGGAGTGGGAGCGGAAGG 22 Mouse
GAPDH-F GGTTGTCTCCTGCGACTTCA 20 Mouse

GAPDH-R TGGTCCAGGGTTTCTTACTCC 21 Mouse

pri-miR-221-R GAATATCCAGGTCTGGGGCATG 22 Mouse
pri-miR-221-F GAGAAATGCTTCCAGGTAGCCTG 23 Mouse

miR-30-5p AACACGTGTGTAAACATCCTCGA 23 Rat

miR-98-5p TCGCGCATGAGGTAGTAAGTTG 22 Rat
miR-221-3p ACACTACGAGCTACATTGTCTGCT 24 Mouse

miR-221-3p AGCTACATTGTCTGCTGGGTTTC 23 Rat

U6-F GGAACGATACAGAGAAGATTAGC 23 Rat, mouse
U6-R TGGAACGCTTCACGAATTTGCG 22 Rat, mouse
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Results
AFPR Alleviated Depressive Behavior and Inflammatory Response in CUMS Rats
First, we observed the effect of AFPR on depressive behavior in CUMS rats by motor inhibition test and ptosis test. The 
results of the motor inhibition test showed that CUMS increased the retention time of rats in the circle (P<0.01), whereas 
AFPR decreased the orbital retention time of rats (Figure 1A). As shown in Figure 1B, all rats in the control group did 
not develop eyelid ptosis, and all rats in the model group developed eyelid ptosis, and the confrontation rate was 
significantly compared with the control group (P<0.01). In the positive group, the high dose group, and the low dose 
group, 2, 0, and 2 eyelid ptosis were observed respectively, which have significant differences in confrontation rates 
compared with the model group (P<0.01, P<0.01, P<0.01). These results indicate that the CUMS was successfully 
modeled and that AFPR can improve depressive behavior in rats.

Next, to observe the effect of AFPR on the inflammatory response in rats, we performed ELISA and qRT-PCR 
experiments. Interestingly, CUMS was found to lead to an increase in serum levels of IL-6 (P<0.01) and IL-7 (P<0.01) 
by ELISA, as well as a decrease in the level of IL-10 (P<0.05) in the serum of the rats, while their levels were able to be 
reversed in the high dose AFPR group (Figure 1C-E). The result of qRT-PCR showed that CUMS led to increased 
relative mRNA expression of IL-6 (P<0.05), IL-7 (P<0.05), and NF-κB (P<0.01) in rats, and AFPR was able to reverse 
these phenomena (Figure 1F-H). These data indicate that AFPR can improve depressive behavior and reduce the 
inflammatory response in CUMS rats.

AFPR Improved Inflammatory Infiltration of the Prefrontal Cortex and Hippocampal 
Neuronal Damage in Rats
The results of H&E staining are shown in Figure 2A. Compared with the control group, the prefrontal cortex of rats in the 
model group showed obvious inflammatory infiltration, which was manifested by nuclear consolidation and necrosis, as 
shown by the yellow arrows; and glial cell differentiation was increased, as shown by the red arrows. Studies have shown 
that microglia are important for synaptic regulation, can be activated in neuropsychiatric disorders, and contribute to 
pathological processes by promoting neuroinflammation.10 While the AFPR group showed an improvement in the above 
symptoms. Figure 2B shows that the results of Nissl staining indicated that the neurons in the hippocampus of rats in the 
model group were injured, which manifested as a reduction in Nissl vesicles and lightening of color; whereas AFPR was 
able to ameliorate the above symptoms in rats. Together, these findings suggest that AFPR may ameliorate inflammatory 
infiltrate and hippocampal neuronal injury in the prefrontal cortex of CUMS rats.

AFPR Attenuated Neuronal Apoptosis in CUMS Rats
Tunnel staining was performed to further observe the effect of AFPR on neuronal apoptosis. Figure 3 showed that 
compared to the control group, neuron apoptosis was increased in the model group. It was shown that activation of 
microglia contributes to increased levels of pro-inflammatory cytokines and activation of inflammation-related classes, 
thus causing neuronal apoptosis.38 While in comparison to the model group, neuron apoptosis was reversed by the 
administration group. These results suggest that the CUMS model causes inflammation in rat brain tissue and induces 
neuronal apoptosis, while AFPR attenuates the process.

AFPR Increased SOCS1 Expression in CUMS Rat Brain
To study SOCS1 expression in CUMS rats as well as the relationship between SOCS1 and AFPR, SOCS1 expression at 
the gene and protein level was examined by qRT-PCR and Western blotting. Analysis of the qRT-PCR results (Figure 4B) 
showed that SOCS1 expression in the depressed rats was downregulated (P<0.05), while the high-dose and low-dose 
AFPR groups were able to upregulate SOCS1 expression (P<0.05, P<0.05). Interestingly, the Western blot plots 
(Figure 4A) and grey scale values (Figure 4C) showed the same trend as qRT-PCR. These findings suggest that 
SOCS1 may be implicated in the development of depression, and AFPR could increase SOCS1 expression in CUMS 
rat brains.
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SOCS1 is a Target Gene of miR-221-3p
The Targetscan database was used to predict miRNAs with the potential to target SOCS1 and yielded a total of 8 
miRNAs. Next, we selected 3 miRNAs for qRT-PCR validation based on their ability to bind from strong to weak. We 
found that CUMS led to a decrease in miR-30a-5p expression (P<0.05) (Figure 5A), and an increase in miR-221 3p 
expression (P<0.05) (Figure 5C), and no significant trends in miR-98-5p expression (Figure 5B). It is interesting to note 
that AFPR was able to reverse the expression of miR-30a-5p (P<0.05) and miR-221-3p (P<0.01). Based on the above 
findings, miR-30a-3p and miR-221-3p may be involved in the development of depression, and miR-221-3p conformed to 
our trend, so we selected it as the focus of study in our subsequent experiments.

To verify whether miR-221-3p targets SOCS1, Targetscan was used to predict the putative binding sites in 3’-UTR 
regions of SOCS1 for miR-221-3p (Figure 5D), then a luciferase reporter vector experiment was performed to confirm their 
targeting relationship. The result showed that after co-transformation with mmu-miR-221-3p, the reporter fluorophore 

Figure 1 AFPR alleviated depressive behavior and inflammatory response in CUMS rats. (A) In-circle retention time of rats; (B) Results of eyelid ptosis in each group; (C) The 
concentration of IL-6 in rat serum (pg/mL); (D) The concentration of IL-7 in rat serum (pg/mL); (E) The concentration of IL-10 in rat serum (pg/mL); (F) Relative mRNA 
expression of IL-6 in rat brain tissue; (G) Relative mRNA expression of IL-7 in rat brain tissue; (H) Relative mRNA expression of NF-κB in rat brain tissue. Data are represented 
as the mean ± SD (A and B), n=10; (C–E), n=8; (F–H), n=3). #P< 0.05, ##P< 0.01 compared to the control group, *P< 0.05, **P< 0.01 compared to the model group.
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expression of m-SOCS1-MUT was increased compared to that of m-SOCS1-WT (P<0.01) (Figure 5E). This result suggests 
that the mmu-miR-221-3p mimic may have significant interaction with the predicted site on the 3’-UTR of m-SOCS1.

AFPR Alleviated LPS-Induced Inflammatory Response in BV2 Cells
Next, to explore the antidepressant mechanism of action of the AFPR, we simulated an in vitro depression model in BV2 
cells. The IC50 value of AFPR was determined to be 3.72 mg·kg−1 using the CCK8 assay (Figure 6A), then the cells 
were perturbed with AFPR and the expression of miR-221-3p and SOCS1 were detected by qRT-PCR. We found that 
LPS led to an increase in miR-221-3p expression (P<0.01) (Figure 6B) and a decreased SOCS1 expression (P<0.05) 
(Figure 6C) in BV2 cells, which was abrogated by AFPR. qRT-PCR was also used to detect levels of inflammatory 

Figure 2 AFPR improved inflammatory infiltration of the prefrontal cortex and hippocampal neuronal damage in rats. (A) H&E staining (40×). (B) Nissl staining (40×). I: 
control group; II: model group; III: positive group; IV: high dose group; V: low dose group.
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factors, and there was an increase in the levels of IL-6 (P<0.05), IL-7 (P<0.05) and NF-κB (P<0.01), However, AFPR 
was able to decrease the levels of these (Figure 6D-F).

AFPR Improves LPS-Induced Inflammation in BV2 Cells via the miR-221-3p/SOCS1 
Axis
To test the regulatory relationship between miR-221-3p and SOCS1, and to test whether AFPR ameliorates inflammatory 
responses induced by LPS via the miR-221-3p/SOCS1 axis. We overexpressed the miR-221-3p and detected SOCS1 

Figure 3 AFPR attenuated neuronal apoptosis in CUMS rats. Tunel staining (20×).
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expression by qRT-PCR and Western blot analysis. The qRT-PCR result showed that overexpression of miR-221-3p inhibited 
the expression of SOCS1 (P<0.05) (Figure 7A), while the AFPR could increase the expression of SOCS1. Western blot results 
showed the same trend as qRT-PCR (Figure 7B and C). We also detected inflammatory factors in cells by qRT-PCR and cell 
supernatants by ELISA, and the qRT-PCR results showed that the overexpression of miR-221-3p promoted the levels of IL-6 
(P<0.01), IL-7 (P<0.01) and NF-κB (P<0.01) and AFPR was able to downregulate their levels (Figure 7D-F); the ELISA 
results showed that the overexpression of miR-221-3p promoted the levels of NF-κB (P<0.01) and IL-7 (P<0.01) and that the 
high dose AFPR group was able to downregulate their levels (Figure 7G and H). These findings suggest that AFPR may 
ameliorate the inflammatory response generated by BV2 cells induced by LPS via the miR-221-3p/SOCS1 axis.

AFPR Regulates FTO to Ameliorate Aberrant m6A Modifications
Indeed, studies have shown that m6A modifications are tightly associated with all phases of RNA metabolism, including 
RNA folding, stability, nuclear export, splicing, regulation, and degradation of translation.39,40 Therefore, we hypothesize 
that m6A may play a role in regulating miR-221-3p in depression. We first examined the expression levels of m6A-related 
genes in depression in vivo and in vitro, and the results showed that FTO was significantly expressed both in vivo and in vitro 
(P<0.05, P<0.05) model of depression and that AFPR can downregulate its expression level (Figure 8A and F), whereas 
other genes related to m6A (METTL3, METTL14, YTHDF1, YTHDF2) in vivo (Figure 8B-E) and in vitro (Figure 8G-J) 
were not significantly different. This result suggests that FTO may be responsible for the abnormal m6A modification.

AFPR Regulates miR-221-3p Maturation via FTO-Dependent m6A Methylation in 
Depression
DGCR8 is a key enzyme in the m6A modification process, triggering the progression of pri-miRNAs to mature miRNAs. 
To test if FTO participates in the miR-221-3p maturation process, first, we examined pri-miR-221-3p abundance in 
depression using MeRIP analysis. The results showed that pri-miR-221-3p was enriched in depression (P<0.01) and that 

Figure 4 AFPR increased the expression of SOCS1 in the brain of CUMS rats. (A) Western blotting of SOCS1 protein. (B) Relative mRNA expression of SOCS1 in the 
brain of CUMS rats; (C) Quantitative results of SOCS1 protein, Normalized to GAPDH. Data are represented as the mean ± SD (n=3). #P< 0.05, ##P< 0.01 compared to the 
control group, *P< 0.05, **P< 0.01 compared to the model group.
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the AFPR was able to decrease its level (P<0.05) (Figure 9A). We then overexpressed FTO and examined the level of pri- 
miR-221-3p expression by qRT-PCR, and the results revealed that FTO overexpression decreased the expression of the pri- 
miR-221-3p (P<0.05) (Figure 9B). Finally, we investigated the extent of DGCR8 antibody binding to pri-miR-221-3p by 
RIP assay following FTO overexpression. We found that FTO overexpression increased the level of pri-miR-221-3p 
binding to DGCR8 (P<0.01) and that AFPR was able to reverse the process (Figure 9C). This suggests that FTO-dependent 
m6A methylation promotes the recognition of pri-miR-221-3p by DGCR8, thus promoting the generation of the miR-221- 
3p protein. However, AFPR can reverse this process.

AFPR Reverses FTO-Mediated Pri-miR-221-3p Maturation to Attenuate Inflammatory 
Responses in Depression
Finally, to test whether AFPR could reverse FTO-mediated maturation of pri-miR-221-3p, thereby attenuating the 
inflammatory response, we first interfered with miR-221-3p, followed by overexpression of FTO, and then gave AFPR 

Figure 5 SOCS1 is a target gene of miR-221-3p. (A) Relative miRNA expression of miR-30a-5p in the brain of CUMS rats; (B) Relative miRNA expression of miR-98-5p in 
the brain of CUMS rats; (C) Relative miRNA expression of miR-221-3p in the brain of CUMS rats. (D) MiR-221-3p and SOCS1 binding site prediction; (E)Relative luciferase 
activity in 293T of SOCS1. Data are represented as the mean ± SD (n=3). #P< 0.05, ##P< 0.01 compared to the control group or NC group, *P< 0.05, **P< 0.01 compared to 
the model group or MMU-miR-221-3p group.
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intervention. Interestingly, we found that IL-6 (P<0.01), IL-7 (P<0.01), and NF-κB (P<0.01) expression in cells were 
increased in both the interference and simultaneous overexpression groups and that the process could be reversed in the 
high dose group treated with AFPR (Figure 10A-C). However, the expression of SOCS1 was just opposite to them 
(Figure 10D). In addition, the levels of IL-7 and NF-κB in cell supernatants showed consistency with those in cells 
(Figure 10E and F). These results suggest that AFPR reverses FTO-mediated pri-miR-221-3p maturation, thereby 
attenuating the inflammatory response.

Figure 6 AFPR alleviated LPS-induced inflammatory response in BV2 cells. (A) BV2 cell viability (%); (B) Relative mRNA expression of miR-221-3p in BV2 cells; (C) Relative 
mRNA expression of SOCS1 in BV2 cells; (D) Relative mRNA expression of IL-6 in BV2 cells; (E) Relative mRNA expression of IL-7 in BV2 cells; (F) Relative mRNA 
expression of NF-κB in BV2 cells. Data are represented as the mean ± SD (A), n=5; ((B–F), n=3). #P< 0.05, ##P< 0.01 compared to the control group, *P< 0.05, **P< 0.01 
compared to the model group.
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Discussion
Our results suggest that AFPR has an ameliorative effect on depression and enhances the expression of SOCS1, which inhibits 
the expression of downstream inflammatory factors. Next, through bioinformatics and experimental validation, we found that 
miR-221-3p could target SOCS1, that low expression of SOCS1 is associated with high expression of miR-221-3p, whereas 

Figure 7 AFPR improves LPS-induced inflammation in BV2 cells via the miR-221-3p/SOCS1 axis. (A) Relative mRNA expression of SOCS1 after overexpressed miR-221-3p 
in BV2 cells; (B) Western blotting of SOCS1 protein after overexpressed miR-221-3p; (C) Relative mRNA expression of SOCS1 after overexpressed miR-221-3p in BV2 
cells; (D)The concentration of NF-κB after overexpressed miR-221-3p in BV2 cells (pg/mL); (E) The concentration of IL-7 after overexpressed miR-221-3p in BV2 cells (pg/ 
mL). Data are represented as the mean ± SD ((A–F) n=3; G, H, n=8). $$P< 0.01 compared to the NC group, #P< 0.05, ##P< 0.01 compared to the NC group, *P< 0.05, **P< 
0.01 compared to the miR-221-3p group.
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Figure 8 AFPR regulates FTO to ameliorate aberrant m6A modifications. (A) Relative mRNA expression of FTO; (B) Relative mRNA expression of METTL3; (C) Relative 
mRNA expression of METTL14; (D) Relative mRNA expression of YTHDF1; (E) Relative mRNA expression of YTHDF2 (A-E are the results of brain tissue testing in CUMS 
rats); (F) Relative mRNA expression of FTO; (G) Relative mRNA expression of METTL3; (H) Relative mRNA expression of METTL14; (I) Relative mRNA expression of 
YTHDF1; (J) Relative mRNA expression of YTHDF2 (F–J are the results of the BV2 cells testing); Data are represented as the mean ± SD (n=3). #P< 0.05, compared to the 
control group, *P< 0.05, **P< 0.01 compared to the model group.
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AFPR could reverse the process. Combined with the study of m6A in neuropsychiatric disorders, we found that FTO 
expression is reduced in depression, suggesting that FTO may be involved in the regulatory process of depression. In the 
further study, we found that pri-miR-221-3p was significantly enriched in depression and that overexpression of FTO was able 
to reduce the expression of pri-miR-221-3, and the results of the RIP experiments also showed that FTO was able to bind to 
pri-miR-221-3p, which may affect the generation of miR-221-3p maturation. Finally, we overexpressed FTO while interfering 
with miR-221-3p and found SOCS1 expression to be decreased and the levels of downstream inflammatory factors to be 
increased, suggesting that FTO promotes the maturation of pri-miR-221-3p cells. However, the administration of AFPR 
reversed this process. The above results suggest that AFPR inhibits FTO-mediated maturation of pri-miR-221-3p and elevates 
the expression level of SOCS1, which reduces the inflammatory response and ameliorates depression-like symptoms.

Studies have shown that SOCS can inhibit cytokine signaling in a variety of cell types.41 Among them, SOCS1 and 
SOCS3 are the two best-studied SOCS genes,42,43 which play an important role in the regulation of inflammation and 
may be expressed in microglia. N6-methyladenosine from SOCS1 has been previously shown to modulate inflammatory 
responses of macrophages in different harsh environments.44 The SOCS1/JAK2/STAT3 pathway regulates early brain 
injury due to subarachnoid hemorrhage through inflammatory responses.41 SOCS1 mimetic peptide inhibits chronic 
intraocular inflammation (uveitis).45 MiR-155-5p regulates the inflammatory phenotype of fibroblasts by down-regulating 
SOCS1 expression.46 However, SOCS1 has been understudied in depression; therefore, we delved into the possible 
regulatory role of AFPR through the modulation of SOCS1-mediated pro-inflammatory and anti-inflammatory cytokines 
in the CUMS rat model. In summary, our results indicate that SOCS1 expression is decreased in depression, with 
increased IL-6 and IL-7 levels as well as decreased IL-10 levels. AFPR, on the other hand, reversed the levels of the 
aforementioned metrics. This result suggests that AFPR may ameliorate the inflammatory response in depression by 
upregulating the level of SOCS1.

Figure 9 AFPR regulates miR-221-3p maturation via FTO-dependent m6A methylation in depression. (A) LPS induces BV2 cells to construct an in vitro model of 
depression, and MeRIP assay detects the abundance of pri-miR-221-3p immunoprecipitated using m6A antibody; (B) After overexpression of FTO, qRT-PCR was performed 
to detect the expression of pri-miR-221-3p; (C) After overexpression of FTO, RIP assay to detect the abundance of pri-miR-221-3p in LPS-induced BV2 cells 
immunoprecipitated using DGCR8 antibody. Data are represented as the mean ± SD (n=3). ##P< 0.01 compared to the NC group, *P< 0.05, **P< 0.01 compared to the 
model or oe-FTO group.
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Figure 10 AFPR reverses FTO-mediated pri-miR-221-3p maturation to attenuate inflammatory responses in depression. (A–D) Interference with miR-221-3p, concomitant 
overexpression of FTO, followed by administration of AFPR intervention, qRT-PCR for IL-6, IL-7, NF-κB, SOCS1expression in BV2 cells; (E and F) Interference with miR- 
221-3p, concomitant overexpression of FTO, followed by administration of AFPR intervention, and ELISA for IL-7, NF-κB levels in cell supernatants. Data are represented as 
the mean ± SD (A–D) n=3; (E and F) n=6). ##P< 0.01 compared to the in-NC+oe-NC group, **P< 0.01 compared to the in-miR-221+oe-FTO group.
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miRNAs can regulate gene expression and participate in various cell physiological processes such as cell growth, 
differentiation, and motility.47 Several studies have shown that miRNAs have an important role in either promoting or 
inhibiting the development of depression.48–50 Inhibition of miR-221 has been shown to attenuate acute lung injury 
induced by LPS via SOCS1.51 The miR-221 exosome promotes inflammation by mediating the polarization of M1 
macrophages via SOCS1/STAT.52 In this study, we investigated the role of miR-221-3p targeting SOCS1 to regulate the 
inflammatory response in depression. The result showed that miR-221-3p inhibited SOCS1 expression, thus promoting 
the inflammatory response, whereas AFPR was able to reverse the process.

Among eukaryotic messenger RNAs, the m6A modification is the most abundant transcriptomic internal epi 
modification.53 The study of RNA methylation modification has made the question of how this modification affects 
normal physiological functions and consequently causes disease a hot topic for researchers.54 Studies have shown that 
m6A is highly abundant in synapses and is involved in neuronal plasticity, learning and memory, and adult neurogenesis. 
In addition, m6A can respond to environmental stimuli, suggesting an important role in connecting molecular and 
behavioral stresses.55 In this study, we first investigated whether m6A-related gene expression levels were altered in 
depression. We found that the level of FTO expression was significantly increased in depression, whereas it decreased 
after AFPR treatment. Subsequently, detected by MeRIP assay, we found that pri-miR-221-3p was able to bind to the 
m6A antibody, indicating that pri-miR-221-3p could be altered by methylation of m6A. We found that overexpression of 
FTO led to a reduction in pri-miR-221-3p expression. Thus, we hypothesized that FTO may be involved in the miRNA 
maturation process in depression. Furthermore, using RIP experiments, we find that miR-221-3p is regulated by FTO- 
mediated m6A modification, and FTO enhances the recognition of pri-miR-221-3p by DGCR8 and promotes the 
maturation of miR-221-3p, which in turn affects the expression level of target genes. FTO deficiency has been shown 
to result in weight loss, reduction of anxiety and depressive-like behaviors, suppression of inflammation, and more.56 Our 
study also shows that FTO low expression attenuates depressive behaviors and suppresses inflammatory responses.

In this study, the CUMS model leads to an inflammatory response in rat brain tissue, and inflammation further activates 
glial cells, which leads to the upregulation of pro-inflammatory cytokines, resulting in neuronal apoptosis. Next, we evaluated 
the antidepressant effect of AFPR by detecting the levels of relevant inflammatory factors and pathological examination, etc. 
We found that AFPR attenuated the activation of microglia in brain tissues, down-regulated the levels of inflammatory factors, 
and attenuated neuronal apoptosis. In addition, when exploring the related anti-inflammatory mechanism in an in vitro model, 
we used SOCS1 as the core target, and by detecting the expression of its upstream and downstream genes, we found that AFPR 
could inhibit the maturation of pri-miR-221-3p through FTO-mediated modification of m6A, and reduce the generation of 
miR-221-3p, which led to the elevation of the expression of its target gene SOCS1. However, elevated levels of the cytokine 
inhibitor SOCS1 reduce inflammation levels, which in turn improves depression symptoms. In summary, AFPR has the effect 
of improving inflammation in depression, suggesting that TCM can improve depression by anti-neuroinflammation and thus 
improve depression, and AFPR can be used as a potential antidepressant in the development of new drugs, and this study 
provides a reference for the idea of antidepressant research in TCM.

Conclusion
The current study suggests that the antidepressant effect of AFPR is associated with the upregulation of SOCS1 and the 
downregulation of miR-221-3p and FTO expression. AFPR reduces the recognition of pri-miR-221-3p by DGCR8 through 
FTO-mediated modification of m6A and inhibits the maturation of miR-221-3p, resulting in the upregulation of the target 
gene SOCS1 and the alleviation of the inflammatory response, thus improving depression-like symptoms. However, 
whether AFPR directly regulates FTO-mediated m6A modifications affecting downstream target gene alterations remains 
to be elucidated. Furthermore, there is a lack of in vivo experimental validation in this study. Our next step will be to 
explore the role of AFPR in ameliorating depression via FTO-mediated m6A modification in vivo through the AAV 
delivery system, to provide experimental evidence for the development of AFPR as a new antidepressant drug in TCM.
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