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Metformin inhibits the pathogenic functions of AChR-specific B and Th17 
cells by targeting miR-146a 
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A B S T R A C T   

Myasthenia gravis (MG) is characterized by fatigable skeletal muscle weakness with a fluctuating and unpre
dictable disease course and is caused by circulating autoantibodies and pathological T helper cells. Regulation of 
B-cell function and the T-cell network may be a potential therapeutic strategy for MG. MicroRNAs (miRNAs) have 
emerged as potential biomarkers in immune disorders due to their critical roles in various immune cells and 
multiple inflammatory diseases. Aberrant miR-146a signal activation has been reported in autoimmune diseases, 
but a detailed exploration of the relationship between miR-146a and MG is still necessary. Using an experimental 
autoimmune myasthenia gravis (EAMG) rat model, we observed that miR-146a was highly expressed in the 
spleen but expressed at low levels in the thymus and lymph nodes in EAMG rats. Additionally, miR-146a 
expression in T and B cells was also quite different. EAMG-specific Th17 and Treg cells had lower miR-146a 
levels, while EAMG-specific B cells had higher miR-146a levels, indicating that targeted intervention against 
miR-146a might have diametrically opposite effects. Metformin, a drug that was recently demonstrated to 
alleviate EAMG, may rescue the functions of both Th17 cells and B cells by reversing the expression of miR-146a. 
We also investigated the downstream target genes of miR-146a in both T and B cells using bioinformatics 
screening and qPCR. Taken together, our study identifies a complex role of miR-146a in the EAMG rat model, 
suggesting that more caution should be paid in targeting miR-146a for the treatment of MG.    

Abbreviations 
MG myasthenia gravis 
EAMG experimental auto-immune myasthenia gravis 
AChR anti-acetylcholine receptor 
Th T helper 
miR-146a microRNA-146a 
α-BTX alpha-bungarotoxin 
NMJ neuromuscular junction 
LPS lipopolysaccharide 
SLE systemic lupus erythematosus 
RA rheumatoid arthritis 
MS multiple sclerosis 

1. Introduction 

Myasthenia gravis (MG) is a neuroimmune disease mediated directly 
by B cells and their autoantibody secretions [1]. Clinically, skeletal 
muscle weakness and fatigue are the main symptoms of the disease, and 
serological tests show that approximately 70% of MG patients are pos
itive for anti-acetylcholine receptor (AChR) antibodies. Anti-AChR an
tibodies, secreted by self-reactive B cells, attack AChR at neuromuscular 
junctions, leading to a decrease in the number of postsynaptic mem
branes AChR, the widening of the synaptic space and a decrease in folds 
or shallower sulci. As a consequence of AChR damage, the transmission 
of nerve electrical signals is then interrupted, resulting in muscle 
contraction disorders [2, 3]. It has been previously shown that without 
the presence of T helper (Th) cells, B cells alone could not induce MG 
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disease, since B-cell activation and antibody secretion depend on the 
assistance of T cells that recognize the same antigen [4–6]. 

Therefore, T helper cells play a vital role in MG disease. For example, 
the elevation of Th17 cells and their transcription factors, as well as their 
cytokines (IL-17A), have been detected in patients as well as animal 
models (experimental autoimmune myasthenia gravis, EAMG) of MG 
disease, whereas the function of Treg cells was attenuated, suggesting 
the important role of Th cells in the onset and development of MG dis
eases [7, 8]. IL-17 gene knockout mice have decreased levels of serum 
anti-AChR antibodies and complement binding antibodies, supporting 
the necessity of Th17-cell assistance for antibody secretion by B cells [9]. 
Understanding the molecular control of Th17 differentiation is likely the 
key to preventing pathogenic MG development. As a suppressor of Th17 
cells, Treg cells are functionally deficient in MG patients. Although the 
number of CD4+CD25+ cells in the thymus of MG patients is normal 
when compared with that of healthy subjects, the mRNA and protein 
levels of the transcription factor Foxp3 and the cytokine IL-10 are 
significantly decreased, showing a weakness in their regulatory activity. 
Previous studies have also shown that the transfer of healthy rat Treg 
cells into myasthenia rats can prevent the occurrence of disease and 
alleviate EAMG disease development [10, 11]. These discoveries pro
vide critical insights into the molecular factors that affect the differen
tiation and function of T cells and may participate in the progression of 
MG. 

MicroRNAs (miRNAs) are a class of single-stranded endogenous 
noncoding RNAs with a size of 21 to 25 nucleotides. They are widely 
involved in different cell processes through posttranscriptional inhibi
tion [12]. In particular, miR-146a has been identified as a vital regulator 
of immune reactions, participating in cell proliferation, differentiation, 
and apoptosis and is involved in the pathogenesis of autoimmune dis
eases [13]. Previous studies have shown that in the experimental auto
immune demyelinating model, Th17-cell differentiation, together with 
its relative cytokine levels (IL-17, IL-6, and IL-21), is elevated in 
miR-146a gene knockout mice. Additionally, miR-146a can effectively 
inhibit Th17-cell differentiation and then inhibit the release of inflam
matory factors and alleviate disease [14–17]. The 
Foxp3-microRNA-146a-NF-κB axis has been utilized in precancerous 
treatment since Foxp3 knockout can significantly reduce miR-146a 
expression. Low levels of miR-146a result in reduced inhibition of 
TRAF6 and IRAK1, eventually leading to the upregulation and activation 
of NF-κB and aggravation of cancer development [18]. These findings 
highlight miR-146a as a potent regulator of Th17 and Treg cells. 
MiR-146a plays pivotal roles in regulating the proliferation of immune 
cells and inhibiting inflammatory responses [19]. Although Some 
studies have also shown that in EAMG models, the number of anti-AChR 
antibodies, plasma cells and memory B cells decreased after miR-146a 
knockout in B cells [20]. However, the expression and function of 
miR-146a on MG-specific T cells are still unknown, and the downstream 
target genes of miR-146a in disease-specific T and B cells remain to be 
explored. In this study, we explore these questions and provide evidence 
for the clinical treatment of myasthenia gravis by targeting miR-146a. 

2. Materials and methods 

2.1. Animals 

Six- to eight-week-old female Lewis rats weighing from 140 g to 160 
g were purchased from Vital River Laboratory Animal Co. Ltd. (Beijing, 
China). The study was conducted according to the principles outlined in 
Harbin Medical University’s Guide for the Care and Use of Laboratory 
Animals published by the China National Institute of Health. 

2.2. Induction and clinical assessment of EAMG 

Lewis rats were randomly selected for either the complete Freund’s 
adjuvant (CFA) group or the EAMG group and then immunized with the 

same dose (200 μL/rat) of immune emulsion at the root of the tail. The 
immune emulsion for each CFA rat consisted of 100 μL of incomplete 
Freund’s adjuvant (IFA, Sigma Aldrich, St Louis, MO), 2 mg Mycobac
terium tuberculosis (TB, Difco, Detroit, MI) and 100 μL of phosphate- 
buffered saline (PBS). The only difference in the immune emulsion be
tween the CFA and EAMG groups was that the R-AChR97-116 peptide 
(synthesized by AC Scientific, Inc. Xi’an, China; 50 μg/rat) was dissolved 
in PBS prior to preparing the emulsion for the EAMG groups. All rats 
underwent a second immunization with the same dose of emulsion 
without TB on Day 30 after the first immunization. Animals were 
weighed and monitored for their body weight and clinical scores every 
other day. A standard clinical score criteria was used that ranged from 
0 (asymptomatic) to 4 (death status). The criteria for each score were as 
follows: 0, no disease and normal muscle strength; 1, mildly decreased 
activity and body weight, weak grip; 2, weakness, fatigue, clinical signs 
before exercise (tremors, head down, hunched posture); 3, severe 
generalized weakness, no grip, moribund; 4, dead. Clinical scores with 
intermediate signs were scored as 0.5, 1.5, 2.5 or 3.5 [21, 22]. These 
results were recorded as an average of each animal at each time point. 

2.3. Enzyme-linked immunosorbent assay (ELISA) 

For AChR antibody detection, ELISA plates (Corning CoStar 96-well 
plates, eBioscience, San Diego, CA) were precoated with affinity- 
purified AChRα97-116 peptide (1 μg/mL) in 100 μL of coating buffer 
(pH 9.6) per well at 4 ◦C overnight. Plates were washed with washing 
buffer 4 times after removing the precoating liquid, followed by 2 hof 
incubation at room temperature (RT) with blocking buffer (10% foetal 
calf serum). Next, the plates were loaded and incubated with serum 
(1:5,000, 100 μL) from CFA and EAMG rats at RT for 2 h. After washing, 
rabbit anti-rat IgG antibody (DAKO, USA, 1:2,000, 100 μL) was added to 
each well for an additional 2 h of incubation. Then, horseradish 
peroxidase (HRP)-conjugated goat anti-rabbit IgG (IBB Life Science, 
1:5,000 dilution, 100 μL) was added (37 ◦C, 1 hour). Next, 100 μL TMB 
substrate solution (Biolegend, San Diego, CA) was added to each well 
and incubated at RT in the dark for 10 min. Finally, the reactions were 
stopped by the addition of 50 μL H2SO4 per well. Absorbance was read at 
450 nm with a Bio-Rad microplate reader (Bio-Rad Laboratories, Inc. 
Hercules, CA), and the recorded optical density values are presented as 
the mean ± standard deviation (SD). 

2.4. Tissue sampling and immunostaining 

Tissues, such as brain, heart, lung lobe, muscle, liver, thymus, 
draining lymph nodes and spleen, were collected from two groups of rats 
after anaesthetizing. A 75% amplitude ultrasound was performed in 500 
μL TRIzol to decompose each tissue for subsequent qPCR detection. 

Alpha-bungarotoxin (α-BTX) is known to bind irreversibly and 
competitively to nicotinic acetylcholine receptors (AChRs) at the 
neuromuscular junction (NMJ), reflecting the number and density of 
AChRs at NMJs. To assess the loss and damage of AChRs, eyelid tissues 
were also immediately separated and cryoprotected in Tissue-Tek OCT 
Compound (Sakura, Japan) for α-BTX staining by immunofluorescence 
analysis. Ten-micrometer-thick frozen sections were prepared with cold 
acetone for 15 min, blocked in 5% normal foetal bovine serum and 
stained with α-BTX (Thermo Fisher, USA, 1:400 diluted in 5% foetal 
bovine serum) overnight at 4 ◦C. Finally, the sections were observed and 
imaged using an LSM700 confocal microscope (Carl Zeiss, Germany). 
Dense AChR clusters at the neuromuscular junction of eyelid tissue 
stained by α-BTX were marked in red. 

2.5. Cell preparation 

Mononuclear cells were harvested from the inguinal, popliteal, par
aaortic lymph nodes and spleen of immunized animals with a clinical 
score of 2 or 3. Cells were gathered by passing cell suspensions through a 
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40 μm cell strainer. CD4+ T cells and B220+ B cells were subsequently 
isolated by performing a negative selection with a MagCellect Rat CD4+

T-Cell Isolation Kit and a MagCellect Rat B-Cell Isolation Kit (R&D 
Systems, Inc., USA) according to the manufacturer’s instructions. A total 
of 1 × 108 EAMG rat splenocytes were prepared for isolation, and 2 ×
107 - 3.5 × 107 CD4+ T lymphocytes were collected after purification. 
These purified cells were then stimulated with 10 μg/mL R-AChR97–116 
in RPMI 1640 medium (Sigma‒Aldrich) supplemented with 1% sodium 
pyruvate (Sigma, USA), 10% foetal bovine serum, 1% nonessential 
amino acids (Sigma, USA), 1% L-glutamine (Sigma‒Aldrich), 1% peni
cillin‒streptomycin (Gibco, Paisley, UK), and 2-mercaptoethanol (2-ME, 
Amresco, Solon, OH, USA) for 72 h of incubation in vitro, followed by 
flow cytometry staining as described in 2.7. 

For the polarization assays, purified CD4+ T-cell stimulation and 
polarization were performed in vitro. The CD4+ T cells adjusted at a 
density of 1 × 107 cell/mL in 2 mL medium were cultured in a 12 flat 
bottom orifice precoated with both anti-CD3 (purified anti-rat CD3 
antibody, Biolegend, San Diego, CA; 2 μg/mL) and anti-CD28 (purified 
anti-rat CD28 antibody, Biolegend, San Diego, CA; 2 μg/mL) antibodies. 
Consequently, Th17 and Treg cells were activated and polarized using 
TGF-β (2 ng/mL for Th17 cells and 5 ng/mL for Treg cells) with or 
without IL-6 (20 ng/mL) for 72 h of incubation. Polarized Th17 and Treg 
cells were identified and enriched by flow sorting. A total of 2 × 106 - 4 
× 106 cells of polarized Th17 and Treg cells were collected and prepared 
for the qPCR experiments. 

2.6. Quantitative real-time PCR analysis (qPCR) 

Total RNA was isolated from enriched CD4+ T cells, B cells, Th17 
cells and Treg cells with TRIzol reagent (Invitrogen) according to the 
manufacturer’s instructions. Complementary cDNA was synthesized for 
each 1 μg microRNA (total RNA) sample with a miRNA reverse tran
scription kit (qRT‒PCR Detection kit, Gene Copoiea), and a 7500 real- 
time qPCR system was used to perform semiquantitative amplification. 
U6 was selected as an internal control. The primer sequences (listed 5′- 
3′) used in this study were as follows: U6 forward: CTCGCTTCGGCAG
CACA, reverse: AACGTT CACGAATTTGCGT. rno-miR-146a-5P: 
AGAACTGAATTCCATGGGTTAA, mmu-miR-146a-5P: UGAGAACU
GAAUUCCAUGGGUU. Irak1 forward: GACTTTGGTCTGGCTCGTTTCA, 
reverse: TCACTCCCACCTCTTCAGCCT. Hnrnpd forward: GGACACCA
CAAAGAAAGACCTG, reverse: CCTCACCAAAACCACCAAAGTA. Nova1 
forward: CACAGCAGGTCTGATAATAGGG, reverse: CGCAA
CACCGGCAAGGT. Btg2 forward: CGAGCAGAGACTCAAGGTTTTCA, 
reverse: ATAGCCGGAGCCCTTGGA. Traf6 forward: AGGGTACAA
TACGCCTCACG, reverse: GCTACACGCCTGCATCAGTA. Siah2 forward: 
AAGGTCGCCTCGGCAGTT, reverse: GGACGGTATTCACA
GATGTCTTCA. Brd4 forward: ACCAGTTCACTTGCCATCCA, reverse: 
TCAGCCCTGCCCTTTACC. Ppp1r11 forward: CGGAAACGGAAGCCA
GAG, reverse: CACCAAAGGCCCGAGGT. Dot1l forward: 
CCTCGTCCAAGCAGAACACC, reverse: GGCACGCTCCTTTACACCCT. 
Kdm2b forward: TTCAAACGTCCCCCGGTTC, reverse: CCAG
GACCGCCGCTTT. Usp3 forward: GCAGGGAGGCGGACATA. reverse: 
GCTGAGCGGGAAACACC. 

2.7. Flow cytometry 

Nuclear transcription factors and cell surface markers were detected 
by flow cytometry. Cells were stimulated by brefeldin A (1:1,000 dilu
tion), ionomycin (1 mg/ml), and PMA (50 ng/ml) for 4-6 h before 
collection. Briefly, cells were first incubated with anti-Rat-CD4-FITC- 
conjugated (Invitrogen), anti-Rat-CD45R(B220)-FITC-conjugated (Invi
trogen), or anti-Mouse-CD19-FTIC-conjugated (Invitrogen) antibodies 
for 30 min at 4 ◦C. Intranuclear staining was then performed with anti- 
Rat-IL-17A-PE-conjugated (eBioscience) and anti-Rat-Foxp3-APC- 
conjugated (Invitrogen) antibodies. For viability detection, cells were 
stained with an Annexin V-FITC/PI kit (MULTII SCIENCES). Cells were 

detected using a BD FACS Verse flow cytometer and analysed using 
FlowJo software. 

2.8. CCK8 analysis 

A total of 200 μL of 2 × 106 cells/mL of lymphocytes and spleen cells 
derived from EAMG rats were plated into 96-well plates with different 
concentrations of metformin or LPS and incubated for 48 h. After the 
incubation step, 10 μL of Cell Counting Kit-8 (CCK-8, Dojindo, Japan) 
reagent was added to the medium and then stimulated for an additional 
4 h. The absorbance values were measured at 450 nm on an ELISA plate 
reader (Bio-Rad Laboratories, Inc. Hercules, CA). 

2.9. Statistical analysis 

All experiments were repeated three times or more. A Student’s t test 
was performed for statistical comparisons between two groups, and 
single factor ANOVA was used for the data analysis of three groups using 
Prism 7 software (GraphPad, San Diego, CA). All data are shown as the 
mean ± standard deviation. P < 0.05 is considered statistically signifi
cant (*, P < 0.05; **, P < 0.01; ***, P < 0.001). 

3. Result 

3.1. Establishment of the EAMG animal model 

The female Lewis rats were randomly divided into a CFA control 
group and an EAMG experimental group. The immune emulsion was 
injected into the tail root on Days 0 and 30, and then the clinical score 
and weight were measured every other day. Compared with the normal 
CFA group, EAMG rats showed obvious myasthenia signs beginning on 
the 38th day after the first immunization, and symptoms worsened over 
time (Fig. 1 A, 38 d: * P < 0.05, 40-48 d: **** P < 0.0001). In addition, 
EAMG rats displayed significant weight loss beginning on the 40th day 
after the first immunization (Fig. 1 B, 40 d: * P < 0.05, 42-48 d: **** P <
0.0001). Data from the ELISAs showed clearly increased serum anti- 
AChR antibody levels in EAMG rats (Fig. 1 C, **** P < 0.0001). 
Further, the immunofluorescence labelling method for α-BTX staining 
was used to label AChR clusters at the NMJ of eyelid muscle. The results 
showed that the fluorescence intensity of α-BTX in the EAMG group was 
much weaker than that in the control group, with apparent intermittent 
morphology (Fig. 1 D), suggesting that the AChRs clustered at the NMJ 
of eyelid muscle were damaged and lost. The above results indicate that 
we successfully established the EAMG rat model, which we then used in 
subsequent experiments. 

3.2. The detection of miR-146a expression in tissues 

Different tissues of rats in both the EAMG and CFA groups, including 
the brain, heart, lung lobe, muscle, liver, thymus, draining lymph node 
and spleen, were collected and prepared for the detection of miR-146a 
expression by qPCR. The results showed that miR-146a expression was 
significantly different between these two groups only in immune organs, 
such as the thymus, lymph nodes and spleen. The levels of miR-146a in 
the thymus (Fig. 2, *** P <0.001) and drainage lymph nodes (Fig. 2, ** P 
<0.01) of EAMG rats were obviously decreased compared with those in 
the CFA control group. However, a higher level of miR-146a expression 
in splenic tissue of EAMG rats (Fig. 2, *** P < 0.001) was observed, 
indicating that miR-146a expression is tissue dependent. The thymus is 
the source of immature T cells, and drainage lymph nodes are also 
enriched by T cells, while the spleen is composed mainly of B cells. Thus, 
the lower levels of miR-146a in T cell-enriched immune tissues, and its 
elevated expression in the spleen suggest that differential expression of 
miR-146a may occur in T and B cells. 
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3.3. MiR-146a expression in AChR-specific T and B cells 

To further investigate whether miR-146a expression in T and B cells 
is distinct, a single cell suspension from spleen tissues of rats was pre
pared for the purification of T and B cells via magnetic activated cell 
sorting. T cells (CD4+) with purity above 95% (Fig. 3 A) and B cells 
(CD45R+) with purity above 90% (Fig. 3 C) were then prepared for the 
detection of miR-146a expression by qPCR. Compared with the CFA 
control group, the miR-146a level in EAMG-specific T cells was obvi
ously reduced (Fig. 3 B, *** P < 0.001), while the expression of miR- 
146a in B cells was markedly higher than that in the control group 
(Fig. 3 D, ** P < 0.01). Thus, miR-146a expression was decreased in 
AChR-specific T cells and increased in AChR-specific B cells. 

Next, isolated T and B cells from the CFA and EAMG groups were 
incubated for 24 h in vitro with 10 μg/mL AChR peptide stimulation, and 
the miR-146a expression levels were then analysed. Compared with the 
CFA group, the miR-146a levels in EAMG-specific T cells were signifi
cantly decreased regardless of whether the incubation time was 0 h or 24 
h (Fig. 3 E, 0 h: * P < 0.05, 24 h: * P < 0.05). The expression of miR-146a 
in the B cells of EAMG rats was higher than that of the CFA group at both 
time points (Fig. 3 E, 0 h: ** P < 0.01, 24 h: * P < 0.05). MiR-146a 
expression in T and B cells was also cell dependent, which is consis
tent with our results in Fig. 2. 

3.4. MiR-146a expression in Th17 and Treg cells 

All of the above results indicate low expression of miR-146a in 
EAMG-specific T cells. Since T cells, especially the balance of Th17 and 
Treg cells, are closely related to the development of MG disease, the 
levels of miR-146a in both disease-specific Th17 and Treg cells should 
also be considered. Th17 and Treg cell polarizations were prepared 
under different polarizing conditions. Compared with that in the CFA 
healthy control group, the miR-146a expression in both EAMG-specific 
Th17 cells (Fig. 4 A, * P < 0.01) and EAMG-specific Treg cells (Fig. 4 
B, ** P < 0.01) was clearly decreased in EAMG rats. 

3.5. Determination of metformin treatment concentration 

Increasing evidence suggests that metformin plays roles not only in 
the control of blood sugar but also in regulating inflammation [23, 24]. 
In type 2 diabetes, it has been reported that metformin can relieve 
symptoms by inhibiting the function of miR-146a [25, 26]. In addition, 
in our previous study we demonstrated that metformin alleviates disease 

Fig. 1. Establishment of the EAMG rat model. (A) Clinical scores. (B) Body weight. (C) AChR-specific antibody levels in serum as measured using ELISA. (D) α-BTX 
staining. Data are presented as the mean ± SD from 3 independent experiments with seven rats per condition per experiment, * P < 0.05, **** P < 0.0001, one-way 
ANOVA and t test (n = 7). 

Fig. 2. The expression of miR-146a in different tissues or organs. Data are 
presented as the mean ± SD from independent experiments with four rats per 
condition per experiment, ** P < 0.01, *** P < 0.001, one-way ANOVA (n = 4). 
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Fig. 3. Differential expression of miR-146a in T and B cells. The purity of T cells (A) and B cells (C) were detected by flow cytometry. The expression of miR-146a in T 
cells (B) and B cells (D) was measured using qPCR. (E) The expression of miR-146a in T cells and B cells in vitro with or without 24 h AChR stimulation. Data are 
presented as the mean ± SD from three independent experiments with five rats per condition per experiment, * P < 0.05, ** P < 0.01, *** P < 0.001, t test, one-way 
ANOVA (n = 5). 
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by inhibiting EAMG-specific Th17-cell differentiation through the 
AMPK pathway. Clinical symptoms, serum antibody content and histo
pathological changes were significantly reversed after metformin drug 
intervention [27]. Therefore, we hypothesized that metformin could 
ameliorate EAMG disease by targeting miR-146a. 

A single-cell suspension of EAMG lymphonodus was stimulated by 
AChR (10 μg/mL) with different concentrations of metformin (0, 0.5, 1, 
2, 5, 10, 50, or 100 mM), followed by CCK-8 detection for the analysis of 
cell proliferation. The results showed that metformin, at concentrations 
of 0.5 mmol/L and 1 mmol/L, did not affect the proliferation of lym
phocytes (Fig. 5 A, NS = no significant difference). However, when the 
concentrations were increased to 2 mmol/L or higher (5-100 mmol/L), 

cell proliferation was clearly inhibited (Fig. 5 A, * P < 0.05, *** P <
0.001) compared with that of the nontreated group. Additionally, after 
incubation with metformin (0, 0.5, 1, or 2 mM) for 48 h, cell viability 
was detected by apoptosis staining of Annexin V-FITC and PI, and the 
miR-146a expression of these lymphocytes was then measured using 
qPCR and the supernatant was also collected for the detection of AChR 
antibody content. The data showed that metformin at concentrations of 
0.5 mmol/L and 1 mmol/L did not affect the viability of lymphocytes, 
while 2 mmol/L metformin significantly increased the proportion of 
apoptotic cells (Fig.5 B-C, NS = no significant difference, ** P < 0.01). 
Since miR-146a expression in lymphocytes was only significantly 
induced by 0.5 mmol/L metformin (Fig. 5 D, * P < 0.05) and AChR 

Fig. 4. The levels of miR-146a in T-cell subsets. (A) Expression of miR-146a in Th17 cells. (B) Expression of miR-146a in Tregs. Data are presented as the mean ± SD 
from two independent experiments with six rats per condition per experiment, * P < 0.05, ** P < 0.01, t test (n = 6). 

Fig. 5. Determining the concentration of metformin treatment in vitro. (A) Proliferation assay using a CCK8 kit after different doses of metformin incubation (n = 3). 
(B-C) Cell activity assay using an Annexin V-FITC/PI kit after different doses of metformin incubation (n = 3). (D) Expression of miR-146a in lymph node cells using 
qPCR (n = 6). (E) AChR-specific antibody levels in B cells by ELISA (n = 5). Data are presented as the mean ± SD from two independent experiments, NS = no 
significant difference, * P < 0.05, ** P < 0.01, *** P < 0.001 one-way ANOVA, t test. 
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antibody secretion was decreased by metformin at 0.5 mmol/L, 1 mmol/ 
L and 2 mmol/L (Fig. 5 E, * P < 0.05), a metformin concentration of 0.5 
mmol/L was selected for subsequent experiments due to its roles in 
decreasing antibody secretion while elevating miR-146a expression. 

3.6. MiR-146a expression is affected by metformin in Th17 and Treg cells 

The above experimental results showed that metformin at a con
centration of 0.5 mmol/L upregulated the expression of miR-146a in 
lymphocytes. For further experiments, CD4+ positive cells from EAMG 
rats were polarized into Th17 and Treg cells with or without 0.5 mmol/L 
metformin and prepared for the analysis of miR-146a expression. 
Compared with the nontreated control, 0.5 mmol/L metformin clearly 
decreased the portion of CD4+IL-17+ double-positive cells (Fig. 6 A-B, ** 
P < 0.01), indicating an inhibitory effect of metformin on Th17 differ
entiation, while the miR-146a level in polarized Th17 cells was 
distinctly increased (Fig. 6 C, * P < 0.05). However, as shown in Fig. 6 D- 
E (NS = no significant difference), the addition of metformin had no 
significant effect on Treg cell polarization, which are characterized by 
CD4+Foxp3+, though the expression of miR-146a in Treg cells was sta
tistically decreased after metformin incubation (Fig. 6 F, * P < 0.05). 
Although there was no change in the proportion of Treg cells, the 
reduction in Th17 cells could also cause a decrease in the Th17/Treg 
ratio and the Treg bias, which might be beneficial for the relief of MG 
disease. These results indicated that metformin, by targeting miR-146a, 
could decrease the Th17/Treg ratio and the Treg bias by inhibiting the 
differentiation of Th17 proinflammatory cells. However, the role of miR- 
146a in Tregs remains to be further explored. 

3.7. LPS stimulation in vitro 

A single cell suspension from CFA rats was prepared for lipopoly
saccharide (LPS) stimulation in vitro. CCK8 proliferation experiments 
were performed after 48 h of incubation. A significant increase in cell 
proliferation was observed after the addition of 5 μg/mL LPS (Fig. 7 A, 
** P < 0.01, *** P < 0.001). In addition, cell colony formation was also 
observed (Fig. 7 B-C), and the cell density and volume visibly increased 
to the naked eye (Fig. 7 D-E) following 5 μg/mL LPS stimulation. The 
arrowhead indicates that lymphocytes were significantly enlarged after 
48 h of LPS stimulation (Fig. 7 E). The above results suggest that 5 μg/ 
mL LPS can effectively stimulate lymphocyte activation. 

3.8. The effects of metformin on miR-146a expression in B cells 

A mixed single-cell suspension was activated with 0.5 μg/mL LPS for 
48 h, followed by an additional incubation with or without 0.5 mmol/L 
metformin before flow cytometry detection. Metformin (0.5 mmol/L) 
showed a significant inhibitory effect on CD19+ B cells (Fig. 8 A-B, ** P 
< 0.01). In addition, 0.5 mmol/L metformin decreased the expression of 
miR-146a in activated CD19+ B cells compared with the nontreated 
group (Fig. 8 C, * P < 0.05). These data indicate that metformin might 
partially attenuate B-cell content by targeting miR-146a expression. 

3.9. Prediction and verification of miR-146a downstream target genes 

Three databases, TargetScan, miRDB and miRwalk, were used for the 
prediction of rno-miR-146a-5p downstream target genes. A total of 186, 
211 and 5706 downstream target genes were collected from the above 
three different databases. As shown in Fig.9 A, twenty predicted rno- 
miR-146a-5p downstream target genes simultaneously reported by all 
three databases were screened, including Irak1, Slc10a3, Hnrnpd, Nova1, 
Usp3, Btg2, Traf6, Rarb, Bcorl1, Siah2, Rfx7, Brd4, Ppp1r11, Dot1l, Fbxw2, 
Armc8, Zfyve1, Hic2, Pip5k1b and Kdm2b. Among these genes, the Irak1 
[28, 29], Hnrnpd [30], Nova1 [31], Btg2 [32], Traf6 [33, 34], Siah2 [35], 
Brd4 [36], Ppp1r11 [37], Dot1l [38] and Kdm2b [39] genes are thought to 
be related to T-cell functions, while the Irak1 [40], Usp3 [41], Traf6 

[42], Siah2 [43], Brd4 [44] and Dot1l [45] genes are thought to be 
related to B-cell function (Table 1). 

For further analysis, purified EAMG-derived T and B cells pretreated 
with or without 0.5 mmol/L metformin were prepared for the detection 
of the expression of these predicted target genes by qPCR. As shown in 
Fig. 9 B-C, compared with the nontreated control, 0.5 mmol/L metfor
min clearly increased Btg2 gene expression in T cells and Brd4 gene 
expression in B cells, while it significantly decreased Nova1 and Brd4 
gene expression in T cells and Traf6 gene expression in B cells. However, 
the rest of the predicted genes were not significantly altered by met
formin (Fig. 9 B-C, * P < 0.05, ** P < 0.01, NS = no significant differ
ence). These results indicate that the screened target genes of miR-146a 
were indeed expressed in EAMG-derived T and B cells and that met
formin could also affect miR-146a by targeting the Btg2, Nova1 and Brd4 
genes in T cells, as well as the Brd4 and Traf6 genes in B cells. 

4. Discussion 

MicroRNA (miRNA), a class of single-stranded endogenous non
coding RNA with a size of 21 to 25 nucleotides, is widely involved in 
different cell processes through posttranscriptional inhibition [46]. 
Previous studies have reported an unusual expression of miR-146a in 
different types of immune cells and autoimmune diseases, and up- or 
downregulation of miR-146a expression has notable effects on immune 
cell functions, suggesting that miR-146a may be a therapeutic target in 
autoimmune diseases [47, 48]. However, the mechanism by which 
miR-146a participates in myasthenia gravis (MG) and its animal model, 
experimental autoimmune myasthenia gravis (EAMG), is still unknown. 
In this study, we demonstrate the complex role of miR-146a in myas
thenia gravis disease. 

MiR-146a has been reported to be a negative regulator of TLRs 
involved in inflammatory pathogenesis. The overexpression of miR- 
146a may inhibit the activation of inflammatory signals and secretion 
of proinflammatory cytokines in systemic lupus erythematosus (SLE) by 
targeting and regulating IRAK1 expression through the TLR-4/MYD88/ 
NF-κB pathway [47]. Nevertheless, the expression of miR-146a in SLE 
patients with anaemia was significantly higher than that in healthy 
controls, unlike in typical SLE patients [49]. The expression level of 
miR-146a is also complex in rheumatoid arthritis (RA), as it is overex
pressed in many tissues, such as the synovial membrane and cartilage, in 
patients with arthritis, and it is especially increased significantly in joint 
synovial CD4+ T cells [48, 50]. However, miR-146a is expressed at low 
levels in the Ly6Chigh monocyte subgroup of RA patients, and artificial 
overexpression of miR-146a in this cell subgroup can effectively relieve 
joint damage and arthritis symptoms [51]. Therefore, miR-146a could 
be regarded as a biological marker or a potential therapeutic target for 
autoimmune diseases due to its differential expression in immune dis
eases and immune cells. 

MG disease is characterized by AChR antibodies secreted by B cells 
[52]. B-cell activation depends on T-cell assistance [53] since the levels 
of serum AChR antibody are reduced in CD4+ T cells and CD8+ T-cell 
knockout EAMG mice [54], suggesting the pivotal roles of both T and B 
cells during MG disease progression. We observed different expression of 
miR-146a in distinct immune organs and immune cells in the EAMG 
model and showed for the first time that miR-146a was highly expressed 
in EAMG-specific spleen and B cells but expressed at lower levels in 
drainage lymph nodes, thymus and disease-specific T cells. In addition, 
we further observed significantly decreased levels of miR-146a in both 
EAMG-specific Th17 and Treg cells compared with those in cells of the 
CFA group. Based on these data, we hypothesized that the differential 
expression of miR-146a in immune cells may be associated with its 
diverse roles in B and T cells, so we investigated whether the regulation 
of miR-146a expression would reverse the pathogenic function of 
EAMG-specific B and T cells. 

Recent studies have suggested that metformin is not only a hypo
glycaemic agent but also widely researched for its impacts on 
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Fig. 6. The influence of metformin on the expres
sion of miR-146a in Th17 and Treg cells. Flow 
cytometry analysis illustrated the percentages of 
Th17 cells (A) and Treg cells (D) with or without 
metformin treatment. (B) Flow cytometry analysis 
statistics chart for Th17 cells. (C) Expression of miR- 
146a in Th17 cells. (E) Flow cytometry analysis 
statistics chart for Treg cells. (F) Expression of miR- 
146a in Treg cells. Data are presented as the mean ±
SD from two independent experiments with six rats 
per condition per experiment, * P < 0.05, ** P <
0.01, t test (n = 6).   
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mitochondrial function, metabolism, and its anti-inflammatory proper
ties [55]. Metformin can improve arthritis by inhibiting osteoclast for
mation and reducing osteoclast-specific gene expression in rheumatoid 
arthritis patients. Metformin can also downregulate the expression of 
TNF-α-induced genes encoding inflammatory cytokines, proteases, and 
growth factors in MH7A cells [56]. Furthermore, metformin inhibits the 
proliferation of fibroblast-like synoviocytes in rheumatoid arthritis via 
the IGF-IR/PI3K/AKT/mTOR pathway [57]. In the classic animal model 
of multiple sclerosis, a decrease in microglia and astrocytes, but an in
crease in oligodendrocytes, was observed after metformin treatment, 
which improved the steady state of mitochondria through AMPK signals 
[58]. 

It has been reported that metformin can remarkably increase miR- 
146a expression, thus relieving the symptoms of diabetic patients 
[25]. In addition, metformin can also improve the high-fat-induced 
endothelial inflammatory response by altering the functions of 
miR-146a and miR-155 [59]. In our previous studies, we found that 
metformin can alleviate the development of EAMG disease by inhibiting 

the polarization of Th17 cells without limiting that of iTreg cells [27]. 
Together with this evidence, we hypothesized that metformin might 
have effects on the development of EAMG by targeting miR-146a. 

For in vitro assays, the concentrations of metformin were determined 
by CCK8 proliferation assays and cell apoptosis assays. We found that 
0.5 mmol/L metformin could alter the miR-146a content in lymphocytes 
without affecting lymphocyte proliferation and viability. Additionally, 
0.5 mmol/L metformin inhibited IL-17 secretion and promoted miR- 
146a expression in Th17 cells while inhibiting miR-146a expression in 
Treg cells, though Foxp3 expression was not affected. 

Previous studies have indicated that the imbalance of Th17 and Treg 
cells is considered to be the main cause of the production of various 
proinflammatory factors and the release of antibodies in autoimmune 
diseases. Thus, maintaining the balance between Th17 and Treg cells is 
key to the treatment of autoimmune diseases [60]. Following metformin 
treatment, Th17-cell differentiation was clearly inhibited, while Treg 
differentiation remained unchanged. Therefore, the imbalance between 
Th17 cells and Treg cells was reversed, which led to the improvement of 

Fig. 7. LPS stimulation in vitro. (A) Proliferation assay with a CCK8 kit after stimulation with different doses of LPS. Cell clone formation (B-C) and increased cell 
volume (D-E) after 0 or 48 h of stimulation. Data are presented as the mean ± SD from independent experiments with three rats per condition per experiment, ** P <
0.01, *** P < 0.001, t test, arrow represents cells with increased volume (n = 3). 
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EAMG disease. In addition, our study showed an upregulation of 
miR-146a levels in EAMG-derived B cells, while 0.5 mmol/L metformin 
incubation reduced miR-146a expression in EAMG-derived B cells. 
These data indicate an inhibitory effect of metformin on EAMG-specific 
B cells and Th17 cells. For this reason, we further explored the effect of 
metformin on miR-146a in Treg cells, as well as the different target 
genes of miR-146a in T and B cells. 

We first screened target genes of miR-146a using three databases. 
Among the 20 predicted rno-MiR-146a-5p downstream target genes we 
screened, the Irak1, Hnrnpd, Nova1, Btg2, Traf6, Siah2, Brd4, Ppp1r11, 
Dot1l and Kdm2b genes are thought to be related to T-cell functions, 
while the Irak1, Usp3, Traf6, Siah2, Brd4 and Dot1l genes are thought to 
be related to B-cell’s (Table 1), and metformin could affect T and B-cell 
functions by targeting some of these screened genes. Our predicted 

downstream target genes provide insight on the regulatory mechanisms 
by which miR-146a participates in immune responses. 

In summary, for the first time, our research group demonstrated 
diverse expression of miR-146a in an EAMG rat model, showing that it 
was overexpressed in the spleen and increased significantly in disease- 
derived B cells, but expressed at low levels in Th17 and Treg cells. 
Metformin partially inhibited the pathogenicity of AChR-specific B and 
Th17 cells by targeting miR-146a, and we also predicted the possible 
downstream target genes of miR-146a in B or T cells. Therefore, miR- 
146a may serve as a biological marker or a potential therapeutic 
target of human myasthenia gravis. 

Fig. 8. The influence of metformin on the expression of miR-146a in B cells. (A) Flow cytometry analysis illustrating the percentage of CD19+ cells. (B) Flow 
cytometry analysis statistics chart of CD19+ cells. (C) Expression of miR-146a in CD19+ B cells. Data are presented as the mean ± SD from independent experiments 
with five rats per condition per experiment, * P < 0.05, ** P < 0.01, t test (n = 5). 
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Table 1 
Predicted list of miR-146a downstream target genes associated with T and B-cell 
functions.  

Immune cells Genes 

T cells Irak1 Hnrnpd Nova1 Btg2 Traf6  
Siah2 Brd4 Ppp1r11 Dot1l Kdm2b  

B cells Irak1 Usp3 Traf6 Siah2 Brd4 Dot1l  
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