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Abstract: Objectives: Investigating the effect of metformin on peripheral nerve regeneration and the molecular 
mechanism. Methods: In this study, a rat model of sciatic nerve injury and an inflammatory bone marrow-derived 
macrophage (BMDM) cell model were established. We assessed the sensory and motor function of the hind limbs 
four weeks after sciatic nerve injury, immunofluorescence was used to detect axonal regeneration and myelin for-
mation, as well as local macrophage subtypes. We investigated the polarizing effect of metformin on inflammatory 
macrophages, and western blotting was applied to detect the molecular mechanisms behind it. Results: Metformin 
treatment accelerated functional recovery, axon regeneration and remyelination, and promoted M2 macrophage po-
larization. In vivo, metformin transformed pro-inflammatory macrophages into pro-regeneration M2 macrophages. 
Protein expression levels of phosphorylated AMP-activated protein kinase (p-AMPK), proliferator-activated receptor-γ 
co-activator 1α (PGC-1α), and peroxisome proliferator-activated receptor-γ (PPAR-γ) increased upon metformin treat-
ment. Moreover, inhibition of AMPK abolished the effects of metformin treatment on M2 polarization. Conclusion: 
Metformin promoted M2 macrophage polarization by activating the AMPK/PGC-1α/PPAR-γ signaling axis, thereby 
promoting peripheral nerve regeneration. 

Keywords: Metformin, peripheral nerve regeneration, macrophage polarization, AMPK/PGC-1α/PPAR-γ signaling 
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Introduction

Peripheral nerve injury (PNI) remains a signifi-
cant clinical challenge and public health bur-
den worldwide. Although the peripheral ner-
vous system has the potential for self-healing, 
the capacity for regeneration is limited [1]. 
Moreover, existing treatments for PNI are sub-
optimal and often result in poor functional 
recovery. Recent evidence demonstrated that 
macrophages play a key role in the peripheral 
nerve regeneration process. Macrophages can 
be classified into the “classically activated” M1 
phenotype, which is pro-inflammatory, and the 
“alternatively activated” M2 phenotype, which 
is anti-inflammatory [2, 3]. It has been shown 
that M2 macrophages secrete a variety of pro-
axonal regeneration factors, including growth 
factors, cytokines, chemokines, and extracel-

lular matrix (ECM), to inhibit inflammation, regu-
late fibroblast regeneration, and promote angio-
genesis to synergistically regulate peripheral 
nerve regeneration [4-6]. In addition, non-func-
tional or dysfunctional M2 macrophages inhibit 
axon regeneration and injure normal axons  
during the nerve regeneration process [7]. 
Therefore, orderly and timely M2 polarization is 
critical for peripheral nerve regeneration. 

Metformin, a widely used hypoglycemic agent, 
is currently one of the most common medica-
tions for type 2 diabetes. Recently, it has been 
shown that metformin has anti-inflammatory 
properties [8-10]. Emerging evidence supports 
the novel hypothesis that metformin regulates 
immune cell function [11, 12]. Our previous 
research showed that metformin accelerates 
M2 macrophage polarization to promote wound 
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healing [13]. However, the ability of metformin 
to affect M2 macrophage polarization during 
peripheral nerve regeneration has not yet been 
examined. Earlier studies demonstrated that 
the pleiotropic effects of metformin are associ-
ated with activation of AMP-activated protein 
kinase (AMPK) [14, 15]. In addition, numerous 
studies have demonstrated that AMPK is 
involved in the process of nerve regeneration 
[16-18]. Peroxisome proliferator-activated re- 
ceptor-γ co-activator 1α (PGC-1α) is a down-
stream target of AMPK that regulates mito-
chondrial biogenesis and reactive oxygen spe-
cies synthesis [19, 20]. PGC-1α is also an 
important ligand for peroxisome proliferator-
activated receptors (PPARs), a class of ligand-
activated transcription factors in the nuclear 
receptor superfamily. Of the various PPARs, 
PPAR-γ, the major isoform in the PPAR family, is 
prevalent in neural tissues, including neurons, 
microglia, and astrocytes [21]. The interaction 
between PGC-1α and PPAR-γ is neuroprotective 
and has positive effects on diseases, such as 
multiple sclerosis [22, 23], amyotrophic lateral 
sclerosis [24, 25], Alzheimer’s disease [26, 27], 
and Parkinson’s disease [28, 29]. Our previous 
research also found that metformin has im- 
munomodulatory properties and exerts anti-
inflammatory effects by activating the AMPK 
protein [13]. Recently, emerging studies con-
firmed that the AMPK/PGC-1α/PPAR-γ signal-
ing pathway is involved in the anti-inflammatory 
process and macrophage polarization [30, 31]. 
However, the role of AMPK/PGC-1α/PPAR-γ sig-
naling in the immunomodulatory function of 
metformin needs further clarification. This 
study aimed to examine the effects of metfor-
min on peripheral nerve regeneration and to 
elaborate on the related mechanism.

Material and methods

Establishment of a rat model of PNI and drug 
treatment

The sciatic crushing model was established as 
described in our previous study. In brief, 
Sprague-Dawley (SD) rats were chosen and 
separated into two groups: the control group 
and the 50 mg/kg metformin group [13]. The 
rats were anesthetized with 3% pentobarbital 
sodium (40 mg/kg) via intraperitoneal (IP) in- 
jection. Then, a 1.5 cm deep incision was made 
using sterile hemostatic forceps and tissue 

scissors at the posterior-thigh muscle to expose 
the sciatic nerve. The exposed nerves were 
clamped with hemostatic forceps for 10 s  
and then relaxed for 10 s; this procedure was 
repeated up to three times. Impaired nerves 
were marked with surgical 10-0 nylon monofila-
ment and were harvested after 4 weeks to eval-
uate nerve regeneration. After surgery, 50 mg/
kg metformin or equal doses of PBS were 
administrated to the rats via IP injection until 
the endpoint of observation. The rats were 
housed with free access to water and food in 
the Animal Care Center of Xiangya Hospital, 
Central South University (Changsha, Hunan, 
China). All surgical procedures and other manip-
ulations were administrated in compliance with 
the guidelines of the China Council of Animal 
Care after obtaining approval from the Central 
South University Committee on Laboratory 
Animals.

Assessment of sensory and motor functional 
recovery

Assessment of sensory and motor functional 
recovery following PNI was described in our pre-
vious study [32]. In brief, after inducing the 
nerve-crushing injury, sensory recovery was 
assessed by thermo-sensitivity analysis and 
the Von-Frey test. First, the rats were moved 
onto a metal platform with the temperature 
controlled between 50-55°C. The time taken to 
observe a nocifensive behavior, such as jump-
ing, stamping, leaning posture, and hind paw 
withdrawal or licking, was recorded as the 
latency. Second, the Von-Frey test was conduct-
ed with the rats placed on mesh. Specifically, 
monofilaments of different forces were applied 
perpendicularly to the plantar surface of the 
hind paw for 2-5 s. A positive response was 
defined as hind paw withdrawal, licking, or paw 
shaking. By setting the mechanical withdrawal 
threshold as the force of the last von Frey 
monofilament, the force of monofilaments  
was increased continuously until reaching a 
response rate of 40% or more.

To assess recovery of sciatic nerve motor func-
tion, the sciatic function index (SFI) and the 
Basso, Beattie, and Bresnahan (BBB) locomo-
tor rating were evaluated at 0, 1, 3, 7, 14, and 
28 d post-operation [33]. During the SFI test, 
after dipping the hind feet of the rats in ink, the 
rats were allowed to walk through a tunnel cov-
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ered with paper to record footprints. Then, toe 
spread (TS), the distance between the first and 
fifth toe; intermediary toe spread (ITS), the dis-
tance between the second and fourth toe; and 
print length (PL), the distance between the third 
toe and heel, were evaluated on the injured (E) 
side (ETS, EITS, and EPL, respectively) and nor-
mal (N) side (NTS, NITS, and NPL, respectively). 
Subsequently, the SFI was computed using the 
following formula: SFI = -38.3 × (EPL-NPL)/NPL 
+ 109.5 × (ETS-NTS)/NTS + 13.3 × (EITS-NITS)/
NITS - 8.8 [34]. An independent observer was 
engaged to determine the BBB Locomotor 
Rating of the rats in an arena in an open field. 
Moreover, sciatic nerve function was evaluated 
through ankle kinematics. For the sagittal 
plane analysis, the ankle angle, represented as 
the degree at terminal stance, was measured 
as the intersection of the line extending from 
the lateral epicondyle to the lateral malleolus 
and from the lateral malleolus to the metatar-
sal head. Further, the muscle weight ratio was 
measured using the formula: muscle weight 
ratio = the wet weight of the gastrocnemius 
muscle on the injured side/the wet weight of 
the gastrocnemius muscle on the contralateral 
normal side as described previously [32].

Electrophysiology 

Previously, we described the electrophysiologi-
cal recording protocol for peripheral nerve 
regeneration [32]. In brief, electrophysiological 
recordings were conducted at 4 weeks post-
operation using a Tucker-Davis Technologies 
system (TDT, Alachua, FL) with a preamplifier. 
The stimulating electrodes were fixed 5 mm 
away from the crushed proximal sciatic nerve of 
the rats, and the recording electrodes were 
fixed near the sciatic nerve and 5 mm away 
from the crushed distal sciatic nerve. After 
stimulating the sciatic nerve electrically (0.5 
mA, stimulation frequency 0.5 Hz, and pulse 
duration 100 μs) through the proximal interfas-
cicular electrode, compound motor action 
potential (CMAP) at the distal interfascicular 
electrode was recorded. Peak-to-peak ampli-
tude was analyzed using OriginPro 8 software. 
Data were blinded and assessed by trained 
technicians.

Retrograde tracing

The retrograde tracing test was performed  
as described previously [32]. In brief, rats  

were injected with 10 μl of 1,19-dioctadecyl-
3,3,39,39-tetramethylindocarbocyanine perc- 
hlorate (Dil) into the tibial nerve at 4 weeks 
post-injury. After allowing retrograde transport 
for 48 h, the rats were sacrificed by anestheti-
zation and perfused with saline plus 4% (wt) 
paraformaldehyde. The L4 and L5 dorsal root 
ganglia (DRG) were harvested and cryo-sec-
tioned into 20 μm serial cross-sections. Total 
numbers of Dil-labeled cells were counted  
in every alternate section by fluorescence 
microscopy.

Immunofluorescence 

Nerve tissues were excised 4 weeks after inju-
ry, fixed with 4% paraformaldehyde, and perfo-
rated with 0.3% Triton X-100. The tissues were 
blocked with 5% BSA and then incubated with 
primary antibodies at 4°C for 8-12 h. The pri-
mary antibodies used were anti-NF200 (axon 
neurofilament marker, 1:1000, Abcam), anti-
MBP (myelin marker, 1:1000, Abcam), anti-
CD68 (macrophage marker, 1:1000, Abcam), 
and anti-CD206 (M2 macrophage marker, 
1:1000; Abcam). Tissues were then incubated 
with secondary antibody at room temperature 
for 90 min. After washing with TBST for 5 min 
three times, nuclei were stained with DAPI 
(Invitrogen, Carlsbad, CA) for 15 min. A fluores-
cent Nikon N2-DMi8 inverted microscope 
(Nikon, Kobe, Japan) was used to observe the 
stained tissues. For quantitative analysis, six 
different fields were assessed randomly for 
each sample, and the areas which stained posi-
tive for NF200, MBP, CD68, CD206, and DAPI 
were analyzed using Image J software (Media 
Cybernetics).

Extraction and stimulation of bone-marrow-
derived macrophages (BMDMs)

BMDMs were isolated from the femurs and tib-
ias of C57BL/6j mice weighing 22-25 g as previ-
ously described [35]. BMDMs were cultured in 
Iscove’s modified Dulbecco’s medium (IMEM; 
Gibco, USA) with 1% penicillin-streptomycin 
(NCM Biotech, Suzhou), 10% fetal bovine serum 
(FBS; New Zealand, USA), and 20 ng/ml M-CSF 
(Proteinates, USA) for 7 d and then seeded into 
6-well plates. On day 8, the cells were treated 
with 100 ng/ml lipopolysaccharide (LPS, 
Sigma, USA) for 6 h [13]. Then, BMDMs were 
divided into three groups: (1) the control group 
(treated with PBS), (2) the metformin group 
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(treated with 2 mM metformin), and (3) the 
compound C group (treated with 2 mM metfor-
min and 10 μM compound C) [13]. After 24 h of 
treatment, cells were collected for subsequent 
testing.

Cell viability 

The CCK-8 kit (NCM Biotech, #C6030) was 
used to assess cell viability in accordance with 
the manufacturer’s instructions. Specifically, 
BMDMs were seeded into 96-well plates at a 
density of 5 × 103 cells/well. Once the cells 
appeared to be adhered, varying concentra-
tions of metformin (0.5, 1, 2, 4, 8, and 16 
mmol/L) were added and the cells were then 
incubated for 24 or 48 h. Then, 10 μl of CCK-8 
solution was added to each well and the cells 
were further incubated at 37°C for 3 h. The 
absorbance of each well was measured at 450 
nm using a microplate reader (Thermo Fisher 
Scientific). The cell viability was calculated 
using the following equation: Cell viability = 
((Absorbance value of metformin group)/
(Absorbance value of control group)) * 100%.

Flow cytometry

BMDMs were trypsinized and resuspended in 
pre-chilled PBS solution. Anti-mouse F4/80-
BV421 (BD Biosciences, USA) was used to 
determine the total macrophage count, anti-
mouse CD86-APC (BD Biosciences, USA) was 
used to determine the M1 macrophage count, 
and anti-mouse CD206-AF488 (BioLegend, 
USA) was used to determine the M2 macro-
phage count. Next, 1-10 × 105 BMDMs were 
incubated with antibodies for 30 min on ice  
and sorted by flow cytometry (Verse, BD 
Bioscience). The subpopulations of macro-
phages were analyzed using Flow Jo (Trestar 
software, Ashland, OR, USA). 

Real-time quantitative PCR

Total RNA from BMDMs was extracted with 
Trizol Reagent (Invitrogen, USA). Synthesis of 
cDNA was performed according to the manu-
facturer’s protocols (Vazyme, Nanjing, China). 
The real-time qPCR reaction was performed 
using a SYBR-Green RT-PCR kit (Vazyme, 
Nanjing, China). GAPDH was used as the refer-
ence, and RNA expression was quantified using 
the 2-ΔΔCT technique. The primer sequences 
were obtained from NCBI and synthesized by 
Tsing Ke Biotech as follows: inducible nitric 

oxide synthase (iNOS), 5’-GTTCTCAGCCCAACA- 
ATACAAGA-3’ (forward) and 5’-GTGGACGGG- 
TCGATGTCAC-3’ (reverse); tumor necrosis fac-
tor (TNF-α), 5’-CCCTCACACTCAGATCATCTTCT-3’ 
(forward) and 5’-GCTACGACGTGGGCTACAG-3’ 
(reverse); interleukin-1β (IL-1β), 5’-GCAACTG- 
TTCCTGAACTCAACT-3’ (forward) and 5’-ATCT- 
TTTGGGGTCCGTCAACT-3’ (reverse); arginase-1 
(Arg-1), 5’-CTCCAAGCCAAAGTCCTTAGAG-3’ (for-
ward) and 5’-AGGAGCTGTCATTAGGGACATC-3’ 
(reverse); interleukin-10 (IL-10), 5’-CTTACTGAC- 
TGGCATGAGGATCA-3’ (forward) and 5’-GCAG- 
CTCTAGGAGCATGTGG-3’ (reverse); chitinase 
3-like 3 (Ym-1), 5’-CAGGTCTGGCAATTCTTCT- 
GAA-3’ (forward) and 5’-GTCTTGCTCATGTGT- 
GTAAGTGA-3’ (reverse).

Western blot 

Separation of protein extracts from BMDMs (30 
μg) was performed by SDS-PAGE. The separat-
ed proteins were transferred onto PVDF mem-
branes. The membranes were blocked with 
non-fat milk dissolved in TBS with 0.1% Tween 
20 at room temperature for 2 h. The mem-
branes were then incubated with primary anti-
bodies against AMPK-α-1 (1:2500, Abcam), 
Phospho-AMPK-α-1 (Thr183) + Phospho-AMPK- 
α-2 (T172) (1:5000, Abcam), PGC-1α (1:1000, 
Abcam), PPAR-γ (1:1000, Abcam), and GAPDH 
(1:1000, Abclonal) at 4°C overnight. The mem-
branes were washed with TBST for 5 min  
three times and then incubated with HRP-
conjugated secondary antibody (Abclonal, USA) 
for 2 h. Bands were detected using the 
ChemiDoc XRS+ Imaging system (Bio-Rad). 
Bands were quantified using Imaging Lab (Bio-
Rad, United States).

Statistical analysis

Statistical analyses were conducted using 
GraphPad Prism 8.0 Software (La Jolla, CA, 
USA), and data were presented as mean ± SD. 
The student’s t-test was utilized to compare two 
sets of data. The one-way analysis of variance 
(ANOVA) and Dunnett’s post hoc test were uti-
lized to compare multiple groups. P < 0.05 rep-
resented statistical significance.

Results

Metformin improved functional recovery after 
PNI

We investigated motor and sensory functions 
to evaluate the functional recovery after PNI. 
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Specifically, the SFI, the BBB score, ankle angle, 
and wet weight mass ratio of the gastrocne-
mius muscle were measured at 4 weeks post-
operation to assess motor function recovery. 
The SFI and BBB scores were higher in the met-
formin group than in the control group (P < 
0.01, Figure 1A and 1B). In addition, the ankle 
angle and the wet weight mass ratio of the gas-
trocnemius muscle were both higher in the 
metformin group than in the control group (P < 
0.01, Figure 1C and 1D). Further, the threshold 
required for mechanical stimulation was lower 
in the metformin group than in the control 
group and the latency period under heat stimu-
lation was shorter for the metformin group than 
the control group (P < 0.01, Figure 1E and 1F). 
These results suggest that metformin treat-
ment effectively improved functional recovery 
of the sciatic nerve after injury.

Previous studies demonstrated that improved 
nerve regeneration was accompanied by  
electrophysiological improvements, such as 
increased CMAP. Therefore, to examine the 
effect of metformin on PNI, CMAP was mea-
sured at 2 and 4 weeks post-operation. The 
peak amplitude of CMAP was higher in the met-
formin group than in the control group at 4 
weeks (P < 0.01), but no significant difference 
was observed at 2 weeks (Figure 1G and 1H). 
These data indicate that the metformin treat-
ment group achieved significant electrophysio-
logical recovery after PNI. Taken together, met-
formin treatment improved functional recovery 
of the hind limb following PNI.

Metformin promoted axonal regeneration and 
remyelination after PNI

Nerve tissues were harvested 4 weeks post-
operation and stained with the axon marker 
NF200 and the remyelination marker MBP to 
determine whether metformin treatment could 
promote axon regeneration and nerve remyelin-
ation. Nerve tissues from the metformin treat-
ment group contained higher MBP and NF200 
levels than the control group (P < 0.05, Figure 
2A-C). Then, we retrogradely labeled with Dil to 
examine peripheral nerve regeneration, and 
there was a higher number of Dil-positive cells 
in the metformin treatment group than in the 
control group (P < 0.01, Figure 1I and 1J). 
Altogether, these findings indicate that metfor-
min treatment promotes axon regeneration 

and remyelination of PNI in a crushing rat 
model.

Metformin promoted peripheral nerve regener-
ation by inducing M2 macrophage polarization

Our previous research showed that peripheral 
nerve regeneration is associated with M2 mac-
rophage polarization [32] and that metformin 
exerts anti-inflammatory effects and possess-
es immunomodulatory properties. Therefore, 
we hypothesized that metformin could acceler-
ate M2 macrophage polarization after PNI; to 
test this we performed immunofluorescence 
staining on the impaired nerve at 7 d post-oper-
ation. We used antibodies to CD68 as a mark- 
er for macrophages and used antibodies to 
CD206 as a marker for M2 macrophages. The 
number of CD68+CD206+ cells was higher in 
the metformin treatment group than in the con-
trol group (P < 0.01, Figure 2D and 2E) indicat-
ing that metformin-induced M2 macrophage 
polarization.

Metformin converted inflammatory macro-
phage cells to M2 macrophage cells in vitro

To further demonstrate the effect of metformin 
on macrophage polarization, we asked whether 
metformin could accelerate M2 macrophage 
polarization in vitro. We extracted and purified 
BMDMs from mice as described previously [13] 
and treated them with 100 ng/ml LPS for 6 h  
to establish an in vitro inflammatory model of 
macrophages. To determine the optimal con-
centration of metformin to treat BMDMs, we 
used the CCK-8 assay to access cell viability in 
the presence of various concentrations of met-
formin. BMDMs were seeded in 96-well plates 
and treated with 0.5, 1, 2, 4, 8, and 16 mmol/L 
metformin for 24 and 48 h. Because BMDMs 
treated with 2 mmol/L metformin yielded opti-
mal cell viability (P < 0.01, Figure 3A and 3B), 2 
mmol/L of metformin was used in subsequent 
macrophage experiments. After treatment, the 
macrophage subpopulations were analyzed by 
flow cytometry. CD86+ F4/80+ was defined as 
the M1 macrophages and CD206+ F4/80+ was 
defined as the M2 macrophage. The distribu-
tion and density of M1 macrophages decreas- 
ed in the metformin group compared to the 
control group (P < 0.01, Figure 3C and 3D), and 
the distribution and density of M2 macro-
phages increased in the metformin group com-
pared to the control group (P < 0.01, Figure 3E 
and 3F).
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Figure 1. Metformin treatment improved functional recovery after peripheral nerve injury. A, B. Sciatic functional 
index (SFI) and Basso, Beattie, and Bresnahan (BBB) scores during functional motor recovery after sciatic nerve 
injury. C. Ankle angles at 4 weeks post-operation. D. The gastrocnemius muscle index (GMI) was used to evalu-
ate the degree of muscle atrophy. E. Chemosensitivity analysis. F. Von-Frey test for functional sensory recovery at 
4 weeks post-operation. G. Electrophysiology recordings at 2 weeks and 4 weeks post-operation. H. Quantitative 
electrophysiology data for compound motor action potential (CMAP) at 2 and 4 weeks post-operation. I. Retrograde 
labeling with Dil in dorsal root ganglia (DRG) at 4 weeks post-operation (original magnification × 200). Scale bars 
are 25 μm. J. Quantitative analysis of retrograde labeling with Dil in DRG. Data are presented as mean ± SD, n = 6, 
*P < 0.05, **P < 0.01. 
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Figure 2. Immunofluorescence staining of neural tissue showed that metformin promoted axon regeneration and 
remyelination and accelerated M2 macrophage polarization after peripheral nerve injury. A. At 4 weeks post-op-
eration, immunofluorescence staining with anti-neurofilament-200 (NF-200, red) was used to evaluate axon re-
generation and immunofluorescence staining with anti-myelin basic protein (MBP, green) was used to evaluate 
remyelination. Tissues were counterstained with DAPI to mark the nuclei (blue) (original magnification × 200). Scale 
bars are 25 μm. B, C. Quantitation of NF200 and MBP signals in the metformin and control groups. D. Immunofluo-
rescence staining revealed different subpopulations of macrophages. CD68-positive (green) and CD206-positive 
(red) cells were defined as M2 macrophages (original magnification × 400). Scale bars are 25 μm. E. Quantification 
of CD68+CD206+ cells. Data are presented as mean ± SD, n = 6, *P < 0.05, **P < 0.01.

We also measured expression of the M1 mac-
rophage markers iNOS, TNF-α, and IL-1β and 
expression of the M2 macrophage markers  
Arg-1, IL10, and Ym-1 by RT-qPCR. The relative 
mRNA expression of the M1 macrophage mark-
ers decreased in the metformin group com-
pared to the control group (iNOS: P < 0.05, TNF-
α: P < 0.01, IL-1β: P < 0.01, Figure 4A-C). By 
contrast, the relative mRNA expression of the 
M2 macrophage markers increased in the met-
formin group compared to the control group 
(Arg-1: P < 0.01, IL10: P < 0.01, Ym-1: P < 0.01, 
Figure 4D-F). Altogether, these data demon-
strate that metformin alleviates the LPS-
induced inflammatory response and converts 
inflammatory macrophage cells to M2 ma- 
crophages. 

Metformin converted inflammatory macro-
phage cells to M2 macrophage cells by modu-
lating the AMPK/PGC-1α/PPAR-γ signaling 
pathway 

Next, we asked whether metformin could accel-
erate M2 macrophage polarization via the 
AMPK/PGC-1α/PPAR-γ signaling. The expres-
sion levels of p-AMPK, AMPK, PGC-α, and 
PPAR-γ in BMDMs treated with and without 
metformin and/or compound C, an inhibitor of 
AMPK, were measured by Western blot (Figure 
5). The p-AMPK/AMPK ratio was higher in the 
metformin group than in the control group (P < 
0.05, Figure 5B). The expression levels of 
PGC-α and PPAR-γ were also higher in the met-
formin group than in the control group (P < 
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Figure 3. Metformin treatment accelerated M2 macrophage polarization in vitro. A, B. Cell viability of BMDMs upon 
treatment with various concentrations of metformin was evaluated by CCK-8 assay. C, E. Flow cytometry was used 
to detect surface markers on bone-marrow-derived macrophages. F4/80 was used as the pan-macrophage marker. 
CD86 was used as the M1 marker and CD206 was used as the M2 marker. D, F. Quantification of M1 and M2 
macrophages in the metformin and control groups. Data are presented as mean ± SD, n = 3, *P < 0.05, **P < 0.01.

0.01, Figure 5C and 5D). By contrast, when co-
treated with metformin and compound C, the 
p-AMPK/AMPK ratio and the expression levels 
of PGC-α and PPAR-γ decreased to control lev-
els (Figure 5B-D, P < 0.01) indicating that met-
formin activates PGC-1α/PPAR-γ signaling by 
activating AMPK. Moreover, inhibition of AMPK 

activity by compound C reversed the regulatory 
function of metformin. The distribution and 
density of M1 macrophages increased in the 
metformin + compound C group compared to 
the metformin group (P < 0.01, Figure 6A and 
6B), and the distribution and density of M2 
macrophages were decreased in the metformin 
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Figure 4. mRNA expression in M1 and M2 macrophages. A-C. The relative mRNA expression levels of inducible 
nitric oxide synthase (iNOS), tumor necrosis factor (TNF)-α, and interleukin (IL)-1β (markers of M1 macrophages) 
were lower in the metformin treatment group than in the control group. D-F. The relative mRNA expression levels of 
arginase (Arg)-1, IL10, and chitinase 3-like 3 (Ym-1) (markers of M2 macrophages) were higher in the metformin 
treatment group than in the control group. Relative mRNA expression was measured by qPCR. Data are presented 
as mean ± SD, n = 3, *P < 0.05, **P < 0.01. 

+ compound C group compared to the metfor-
min group (P < 0.01, Figure 6C and 6D). 
Altogether, these data showed that metformin 
regulates macrophage polarization and facili-
tates macrophage differentiation to M2 by reg-
ulating the AMPK/PGC-1α/PPAR-γ signaling 
pathway.

Discussion

Metformin is a synthetic derivative of guani-
dine, an extract from the plant Galega officina-
lis, and is used worldwide for the treatment of 
type 2 diabetes [36, 37]. Recently, it has been 
demonstrated that metformin inhibits expres-
sion of pro-inflammatory cytokines, protects 

against oxidative damage, and directs macro-
phage polarization [38, 39]. In addition, metfor-
min was shown to inhibit inflammation and pro-
mote tissue repair by promoting M2 macroph- 
age differentiation [8, 40]. Furthermore, M2 
macrophages were shown to play a crucial role 
in peripheral nerve regeneration after injury [5, 
41, 42]. However, the associations between 
metformin, M2 macrophage polarization, and 
peripheral nerve regeneration remain unknown. 
Therefore, the objective of this study was to 
determine whether metformin could switch 
macrophages to the M2 subtype to increase 
peripheral nerve regeneration. Our results 
demonstrated that metformin administration 
induced significant regeneration in the PNI 
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Figure 5. Metformin-induced M2 macrophage polarization via the AMPK/PGC-1α/PPAR-γ signaling pathway. A. 
Protein expression levels of AMP-activated protein kinase (AMPK), phosphorylated (p)-AMPK, proliferator-activated 
receptor-γ co-activator 1α (PGC-1α), peroxisome proliferator-activated receptor-γ (PPAR-γ), and GAPDH were evalu-
ated by Western blot. B. The quantified p-AMPK/AMPK ratio is a measure of AMPK activation. C, D. Quantification of 
relative expression of PGC-1α and PPAR-γ. Abbreviations: MET, metformin; Cpd C, Compound C. Data are presented 
as mean ± SD, n = 3, **P < 0.01.

model as observed by improved recovery of 
motor and sensory functions and increased 
axon regeneration and myelination. In addition, 
we observed metformin-induced M2 macro-
phage polarization in vivo. In vitro, we demon-
strated that metformin promotes M2 macro-
phage polarization via the AMPK/PGC-1α/
PPAR-γ signaling pathway. 

Earlier studies extensively addressed the neu-
roprotective effects of metformin and revealed 
its positive therapeutic effects in animal mod-
els of spinal cord injury (SCI) [43], PNI [44], and 
cerebral ischemia [45]. Mary et al. found that 
metformin regulates autophagy by reducing 
reactive oxygen species production and miti-
gates peripheral nerve damage in non-obese 
diabetic mice (MKR) [46]. Wang et al. found 
that metformin stabilizes microtubule struc-
ture, regulates oxidative stress and mitochon-
dria function by activating the Akt-mediated 
Nrf2/ARE pathway, and promotes axonal regen-

eration after SCI [47]. However, few studies 
focused on the immunomodulatory ability, spe-
cifically macrophage reprogramming, of metfor-
min during peripheral nerve regeneration. 
Therefore, our findings that metformin enhanc-
es functional recovery in an animal model of 
PNI by regulating M2 macrophage polarization 
are novel.

It is well known that peripheral nerve regenera-
tion requires the participation of macrophages. 
Induction of M2 macrophage polarization can 
accelerate regeneration of axons and myelin 
sheaths [48]. Emerging research illustrated 
that M2 macrophages could release vascular 
endothelial growth factor to induce vascular 
regeneration at the site of peripheral nerve 
damage, which is critical for nerve regeneration 
[49]. It was also shown that M2 macrophages 
could promote Schwann cell maturity [5, 50]. 
These findings provide strong evidence for the 
essential role of M2 macrophages in the periph-
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Figure 6. Inhibition of AMP-activated protein kinase activity by compound C reversed the regulatory function of 
metformin in vitro. A, C. Flow cytometry detection of surface markers on bone-marrow-derived macrophages. F4/80 
was used as the pan-macrophage marker. CD86 was used as the M1 macrophage marker and CD206 was used as 
the M2 macrophage marker. B, D. Quantification of the proportion of M1 and M2 macrophages. Abbreviations: MET, 
metformin; Cpd C, Compound C. Data are presented as mean ± SD, n = 3, *P < 0.05, **P < 0.01.

eral nerve regeneration process and suggest 
that targeting macrophages may be a promis-
ing strategy to improve functional recovery out-
comes after PNI. In this study, metformin was 
shown to upregulate the number and propor-
tion of M2 macrophages. In vitro, pre-treatment 
with LPS stimulated polarization of the primary 
macrophage to the M1 phenotype, which mim-
ics activation of inflammation in the early  
stages of nerve injury. Metformin treatment 
reversed the pro-inflammatory effect of LPS 
and upregulated expression of the M2 macro-
phage marker CD206, but this effect of metfor-
min was reversed with the addition of com-
pound C, an AMPK inhibitor. These results 
indicate that metformin promotes the regener-
ation of axons and myelin sheaths through 
polarization of macrophages to the M2 type 
and activation of AMPK.

Macrophage polarization was found to be 
involved in the regulation of energy metabolism 
[51, 52]. AMPK, the target of metformin, is 
essential for cellular metabolism and growth. 

Previous studies showed that activated AMPK 
is involved in tissue repair resulting from multi-
ple pathological processes, including ulcerative 
colitis [53], rheumatoid arthritis [54], and dia-
betic ulcers [55]. In the field of nerve regenera-
tion, the positive effects of AMPK have been 
confirmed by numerous studies. It has been 
shown that AMPK regulates mitochondrial 
autophagy and remodeling in neurons and is 
involved in nerve growth factor (NGF)-induced 
neuronal differentiation [56]. In addition, Li et 
al. have demonstrated that NGF enhanced the 
ability of Schwann cells to phagocytose and 
clear degenerated myelin by activating the 
AMPK/mTOR pathway and promoted the recov-
ery after PNI [16]. The role of energy metabo-
lism and mitochondrial homeostasis in nerve 
regeneration has been increasingly demon-
strated [57-59]. Furthermore, AMPK. can pro-
mote mitochondrial biogenesis and homeosta-
sis by activating PGC-1α/PPAR-γ signaling 
pathway [60, 61]. Numerous studies have 
shown that the AMPK pathway is critical in the 
regulation of inflammation and tissue regenera-
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tion. Ma et al. confirmed that SIRT1 could stim-
ulate oxidative energy production by activating 
AMPK, PPAR-γ, and PGC-1α simultaneously, 
and these factors were found to suppress 
NF-κB signaling and inflammation. It was also 
argued that inhibition of the AMPK/PGC-1α/
PPAR-γ signaling pathway could induce chronic 
inflammation associated with metabolic dis-
eases. Yang et al. have proved that Magnolol 
effectively ameliorates diabetic peripheral neu-
ropathy in mice via activating AMPK/PGC-1α/
PPAR-γ signaling pathway [62]. In addition, 
there is research suggesting that FGF21 regu-
lates AMPK/PGC-1α/PPAR-γ signaling pathway 
and attenuates hypoxia-induced pulmonary 
hypertension [63]. Thus, we hypothesized that 
the regulatory function of metformin is associ-
ated with the AMPK/PGC-1α/PPAR-γ signaling 
pathway. Western blotting was applied to  
clarify the molecular mechanism of metformin-
induced M2 macrophage polarization during 
nerve regeneration process. The results show 
that metformin significantly elevated the 
p-AMPK/AMPK ratio, as well as the expression 
levels of PGC-α and PPAR-γ. By contrast, the 
p-AMPK/AMPK ratio and PGC-α and PPAR-γ 
expression levels in cells co-treated with met-
formin and compound C decreased indicating 
that metformin activates PGC-1α/PPAR-γ sig-
naling by activating AMPK. Moreover, we 
observed that inhibition of AMPK activity by 
compound C reversed the regulatory function 
of metformin. In this study, metformin treat-
ment promoted alternative M2 macrophage 
polarization by activating AMPK, which upregu-
lates the PGC-1α/PPAR-γ signaling pathway. 
Therefore, we suggest that the effect of metfor-
min on wound healing may be due to regulation 
of the AMPK/PGC-1α/PPAR-γ signaling axis 
leading to alteration of the macrophage pheno-
type. Notably, our findings revealed a novel 
molecular mechanism in which metformin 
enhances functional recovery in an animal 
model of PNI by regulating M2 macrophage 
polarization. Our results suggest that metfor-
min is a promising therapeutic strategy to mod-
ulate the AMPK/PGC-1α/PPAR-γ signaling 
pathway and induce M2 macrophage pola- 
rization.
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