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Abstract 

Random-pattern skin flaps are widely used to close defects in reconstructive and plastic surgeries; 
however, they are vulnerable to necrosis, particularly in the distal portion of the flap. Here, we 
examined the effects of metformin on flap survival and the mechanisms underlying these effects. 
Following metformin treatment, the survival area, blood flow, and number of microvessels present 
in skin flaps were increased on postoperative day 7, whereas tissue edema was reduced. In addition, 
metformin promoted angiogenesis, inhibited apoptosis, relieved oxidative stress, and increased 
autophagy in areas of ischemia; these effects were reversed by autophagy inhibitors 3-methyladenine 
(3MA) or chloroquine (CQ). Either 3MA or CQ reversed the metformin-induced increase in flap 
viability. Moreover, metformin also activated the AMPK-mTOR-TFEB signaling pathway in ischemic 
areas. Inhibitions of AMPK via Compound C (CC) or AMPK shRNA adeno-associated virus (AAV) 
vector resulted in the downregulation of the AMPK-mTOR-TFEB signaling pathway and autophagy 
level in metformin-treated flaps. Taken together, our findings suggest that metformin improves the 
survival of random-pattern skin flaps by enhancing angiogenesis and suppressing apoptosis and 
oxidative stress. These effects result from increased autophagy mediated by activation of the 
AMPK-mTOR-TFEB signaling pathway. 
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Introduction 
Random-pattern skin flaps are frequently used 

in reconstructive surgeries to close defects caused by 
trauma, congenital disorders, cancer-related 
deformities, or diabetes mellitus [1, 2]. However, 
random skin flaps, particularly those used to treat 
large areas, are vulnerable to necrosis in the distal flap 
due to a lack of sufficient arterial blood supply or 
adequate venous outflow [3]. This complication limits 
their clinical application, as it restricts the 

length-to-width ratio of flaps to 1.5–2 [4]. When 
random skin flaps are established without retention of 
the vessel pedicle, they undergo significant ischemia 
followed by neovascularization starting at the flap 
pedicle and progressing towards the distal end of the 
flap [1, 5]. After neovascularization, reperfusion and 
restoration of the blood supply contribute to 
ischemia–reperfusion injury and necrosis in the distal 
flap [6]. Given the well-defined mechanisms 
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underlying flap failure, a wide range of strategies 
have been developed to alleviate ischemic necrosis in 
random skin flaps including reduction of oxidative 
stress, promotion of angiogenesis, and inhibition of 
apoptosis [1, 5, 7, 8].  

Autophagy, the degradation and recycling of 
dysfunctional proteins and organelles in autophagic 
vesicles, is crucial for promoting angiogenesis [9, 10], 
alleviating oxidative stress [11], and suppressing 
apoptosis [12]. Sitagliptin-induced activation of 
autophagy has been shown to preserve the angiogenic 
function of endothelial progenitor cells and to 
improve diabetic ischemia angiogenesis in a diabetic 
hind limb ischemia model [9]. Recent study has 
shown that autophagy plays an important role in disc 
degeneration by alleviating mitochondrial 
dysfunction and cell apoptosis during periods of 
oxidative stress [13]. In addition, upregulation of 
autophagy alleviates ischemia–reperfusion injury 
and inhibits excessive apoptosis induced by 
intestinal ischemia–reperfusion injury [14]. Taken 
together, these data suggest that induction of 
autophagy may be a useful strategy for enhancing the 
viability of random flaps via the promotion of 
angiogenesis and inhibition of apoptosis and 
oxidative stress.  

Metformin (MET) is an important first-line 
treatment for type 2 diabetes due to its ability to 
prevent vascular complications [15, 16]. However, the 
benefits of MET extend well beyond diabetes, offering 
significant therapeutic benefits for diabetic 
cardiomyopathy, spinal cord injury, and Parkinson’s 
disease because of its ability to activate autophagy 
[17-19]. MET improved angiogenesis by augmenting 
the expression of vascular endothelial growth factor 
(VEGF) A and inhibiting apoptosis in an acute 
hyperglycemia–chemical hypoxia model [20, 21]. MET 
has also been shown to ameliorate the survival of 
random-pattern skin flaps in a rat model [22]; 
however, the therapeutic effects of MET in 
random-pattern skin flaps and the mechanisms 
underlying these effects remain poorly understood. 

Previous study has shown that the adenosine 
monophosphate-activated protein kinase 
(AMPK)–mammalian target of rapamycin 
(mTOR)–transcription factor EB (TFEB) pathway 
serves as a novel regulator of cell fate determination 
during differentiation via TFEB-dependent regulation 
of autophagic flux [23]. Specifically, activation of 
AMPK under low-nutrient conditions contributes to 
inhibition of mTOR activity and allows sufficient 
levels of dephosphorylated TFEB to enter the nucleus 
[23]. The activated TFEB are capable of binding 
Coordinated Lysosomal Expression and Regulation 
(CLEAR) sequence elements to induce transcription of 

its target numerous genes, including those related to 
autophagosome and lysosome activity [24-26]. MET 
was shown to regulate the AMPK-mTOR pathway in 
a mouse model of endotoxemia-induced 
inflammatory lung injury [27]; however, whether 
MET induces autophagy via the AMPK-mTOR-TFEB 
signaling pathway in random skin flaps is not known. 
Here, we examined whether MET-induced autophagy 
promotes angiogenesis and inhibits oxidative stress 
and apoptosis in a mouse model of random skin flaps 
via the AMPK-mTOR-TFEB signaling pathway. 

Materials and Methods 
Animals and groups 

One hundred and twenty-six healthy C57BL/6 
mice (male, 20-30g) were provided by Experimental 
Animal Center of Wenzhou Medical University 
(License no. SCXK [ZJ] 2005-0019). The animal 
operation and treatment conformed to the Guide for 
the Care and Use of Laboratory Animals of China 
National Institutes of Health. All animal experiments 
were approved by the Animal Research Committee of 
Wenzhou Medical University (wydw2017–0022). All 
mice were divided randomly into seven groups: a 
Control group (n=24), a MET group (n=24), a 
MET+3MA group (n=18), a MET + chloroquine (CQ) 
group (n=18), a MET+Compound C (CC) group 
(n=18), a MET+adeno-associated virus (AAV)- 
Scramble control group (MET+ Scramble control, 
n=12), and a MET +AAV- AMPK short hairpin RNA 
group (MET+AMPK shRNA, n=12). The animals were 
housed individually in standard experimental cages 
and allowed free access to food and water at 
appropriate temperature (25 °C). 

Reagents and antibodies 
Metformin (C4H11N5·HCl; purity ≥ 98%), H&E 

Staining Kit, DAB developer, and pentobarbital 
sodium were provided by Solar bio Science & 
Technology (Beijing, China). Dorsomorphin 
(Compound C: C24H25N5O; purity≥98.14%) was 
purchased from Med Chem Express (866405-64-3; 
Monmouth Junction, NJ, USA); the primary antibody 
against Cadherin 5 was acquired from Boster 
Biological Technology (A02632-2; Wuhan, China). The 
primary antibody against GAPDH was purchased 
from Biogot Technology (AP0063; Shanghai, China). 
Primary antibodies against VEGF, superoxide 
dismutase 1 (SOD1), vacuolar protein sorting 34 
(VPS34), matrix metalloproteinase 9 (MMP9), heme 
oxygenase 1 (HO1), cathepsin D (CTSD), caspase 3 
(CAPS3), Histone-H3, and mTOR were acquired from 
Protein tech Group (19003-1-AP, 10269-1-AP, 
12452-1-AP, 10375-2-AP, 10701-1-AP, 21327-1-AP, 
19677-1-AP, 17168-1-AP, and 20657-1-AP; Chicago, IL, 
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USA). Primary antibodies against cytochrome C 
(CYC), Bax, AMPK, p-AMPK, p-mTOR, and 
endothelial nitric oxide synthase (eNOS) were 
obtained from Cell Signaling Technology (4272S, 
2772S, 5832S, 2535S, 5536S, and 32027S; Beverly, MA, 
USA). The primary antibody against SQSTM1/p62 
and CD34 were purchased from Abcam (ab56416, 
ab81289; Cambridge, UK). Primary antibodies against 
Microtubule-associated proteins 1A/1B light chain 3 
(LC3B), 3-methyladenine (C6H7N5; purity≥98.00%, 
3MA) and chloroquine (C18H26ClN3·2H3PO4; 
purity≥98.5%, CQ) were provide by Sigma-Aldrich 
Chemical Company (L7543, M9281, and C6628; 
Milwaukee, WI, USA). Primary antibody against 
TFEB was acquired from Bethyl Laboratories 
(A303-673A-M; Montgomery, TX, USA). Horseradish 
peroxidase (HRP)-conjugated IgG secondary antibody 
was purchased from Santa Cruz Biotechnology 
(Dallas, TX, USA). Fluorescein isothiocyanate 
(FITC)-conjugated IgG secondary antibody was 
obtained from Boyun Biotechnology (Nanjing, China), 
and 4’,6-Diamidino-2-phenylindole (DAPI) solution 
was purchased from Beyotime Biotechnology 
(Jiangsu, China). The BCA Kit and NE-PER™ 
Nuclear and Cytoplasmic Extraction Reagents 
were acquired from Thermo Fisher Scientific 
(Rockford, IL, USA). The ECL Plus Reagent Kit was 
purchased from PerkinElmer Life Sciences (Waltham, 
MA, USA).  

Flap animal model 
Mice were anaesthetized by intraperitoneal 

injection of 50 mg/kg pentobarbital sodium 1% 
(w/v). Before surgery, dorsal fur was removed with 
an electric shaver and depilatory cream. A 
random-pattern, caudally based dorsal flap (size: 1.5 × 
4.5 cm2) was elevated in the mouse dorsum (in the 
same position in each mouse) beneath the pannculus 
carnosus as previously reported [28]. After flap 
elevation, the flaps were inset immediately to the 
original position and sutured with 4-0 non-absorbable 
suture. The flap area was separated into three equal 
zones: proximal (Area I), intermediate (Area II), and 
distal (Area III). 

AAV vector packaging 
The AAV-AMPK shRNA (mouse Prkaa1) was 

constructed and packaged by Vigene Biosciences 
(Shandong, China). The shRNA sequence of protein 
kinase, AMP-activated, alpha 1 catalytic subunit 
(Prkaa1) was synthesized and cloned into 
pAV-U6-shRNA-CMV-EGFP plasmid to produce 
pAV-U6-shRNA (Prkaa1)-CMV-EGFP. AAV9-U6- 
shRNA (Prkaa1)-CMV-EGFP was produced by 
transfection of AAV-293 cells with pAV-U6-shRNA 

(Prkaa1)-CMV-EGFP, adenovirus helper plasmid (Ad 
helper), and AAV Rep/Cap expression plasmid. With 
a similar process, AAV9-U6-shRNA (scramble)-CMV- 
EGFP were produced as Scramble control. Viral 
particles were purified by iodixanol gradient method. 
The titer of AAV9-U6-shRNA (Prkaa1)-CMV-EGFP 
and AAV9-U6-shRNA (scramble)-CMV-EGFP was 
1.243 × 1012, 1.22 × 1012 genomic copies per ml, 
respectively, determined by quantitative PCR. 

Drugs and AAV vectors administration 
The MET group was treated with 200mg/kg 

metformin by daily intraperitoneal injections for 7 
days before operation, and then continued to receive 
the metformin until the mice were euthanized. The 
Control group received equal volumes of saline from 
preoperative 7 days and until the mice were 
euthanized. The MET+3MA group, MET+CQ and 
MET+CC group received 3MA (15 mg/kg), CQ (60 
mg/kg) or CC (15 mg/kg) 30 minutes before 
metformin administration (dose) every time [27, 29, 
30]. At 14 days before the operation of flap model, 
mice in the MET+ Scramble control group and the 
MET+AMPK shRNA groups were received 6 ul viral 
vectors in PBS with 5 × 109 packaged genomic 
particles total by subcutaneous injections for 3 Area 
via a microsyringe; the AVV-treated mice also were 
received the metformin in the same administration 
with that of the MET group. 

Flap macroscopic evaluation 
During the 7 days, the survival area of each flap 

was evaluated macroscopically in appearance, color, 
and hair conditions. On postoperative day (POD) 7, 
high photographs of the random flap were obtained 
to evaluate the flap viability. All photographs were 
processed by Image-Pro Plus imaging software 
(ver.6.0; Media Cybemetics) to determine the survival 
area, and the percentage of viable area was 
determined as follows: extent of viable area 
×100%/total area (viable and ischemic). 

Laser doppler blood flow (LDBF) 
measurement  

LDBF measurement was performed to observe 
vascular flow and blood supply in the whole area of 
random skin flaps. On POD 7, six mice in each group 
were scanned with a laser doppler instrument (Moor 
Instruments, Axminster, UK) in a warm and quiet 
environment under anesthesia. The protocol of LDBF 
measurement was according to previous study [31]. 
Vascular flow and blood supply were visualized with 
the LDBF strong signal (green, yellow and red in 
color). The blood flow of skin flap was quantified with 
moor LDI Review software (ver.6.1; Moor 
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Instruments). The measurement in each mouse was 
repeated three times and the mean value was used. 

Tissue edema measurement 
Water content reflects tissue edema of flap. On 

POD 7, six flap tissue specimens were weighed and 
then dehydrated in an autoclave at 50°C. We weighed 
all specimens every day until the weight was 
stabilized for 2 days. The percentage of water content 
was calculated as: Tissue water content = ([wet weight 
- dry weight]/wet weight) × 100%. 

Hematoxylin and eosin (H&E) staining  
Six samples (1 cm ×1 cm) of central tissue from 

each flap Area II were obtained and executed after 
sacrifice. The extracted skin flap samples were first 
fixed in 4% paraformaldehyde for 24 hours and 
embedded in paraffin wax for transverse sectioning. 
Sections with 4 µm of thickness were prepared by a 
microtome and mounted on poly-L-lysine-coated 
slides for H&E staining. We calculated the number of 
microvessels per unit area (/mm2) under a light 
microscope (×200 magnification, Olympus Corp, 
Tokyo, Japan), which indicated the microvascular 
density.  

Immunohistochemistry (IHC) 
Six sections of the middle part of Area II in each 

group were deparaffinized in xylene and rehydrated 
through a graded set of ethanol baths. After washing, 
sections were blocked with 3% (v/v) H2O2 and treated 
with 10.2 mM sodium citrate buffer for 20 min at 95°C. 
After blocking with 10% (w/v) bovine serum albumin 
phosphate buffered saline for 10 min, the sections 
were incubated with antibody against CD34 (1:100), 
VEGF (1:300), Cadherin5 (1:100), CASP3 (1:200), SOD1 
(1:100), and CTSD (1:100) overnight at 4°C. Finally, 
the sections were incubated with HRP-conjugated 
secondary antibody and counterstained with 
hematoxylin. Flap tissues were imaged at × 200 
magnification using a DP2-TWAN image-acquisition 
system (Olympus Corp, Tokyo, Japan). Images were 
calculated with Image-Pro Plus software (Media 
Cybernetics, Rockville, MD, USA) for integral 
absorbance quantitation of VEGF-, Cadherin5-, 
CASP3-, SOD1- and CTSD- and CD34-positive blood 
vessels counting. Six random fields of three random 
sections from each tissue sample were measured for 
counting. 

Immunofluorescence staining 
Six section specimens of Area II in each group 

were deparaffinized in xylene and rehydrated 
through a graded set of ethanol baths. After washing, 
the sections were treated with 10.2 mM sodium citrate 
buffer for 20 min at 95 °C. Then the sections were 

permeabilized with 0.1% (v/v) PBS-Triton X-100 for 
30 min. After blocking in 10% (v/v) bovine serum 
albumin in PBS for 1 h, slides were incubated at 4 °C 
overnight with a primary antibody against TFEB 
(1:100), LC3II (1:200). Then the slides were washed 
three times for 10 min at room temperature and 
incubated with FITC-conjugated second antibody for 
1 h at room temperature. All images were evaluated 
under a fluorescence microscope (Olympus, Tokyo, 
Japan). The percentage of TFEB- and LC3-positive 
cells in the dermal layer was calculated. Six random 
fields of three random sections from each tissue 
sample were used. 

Western blotting 
On POD 7, skin samples (n=6, 0.5 cm × 0.5 cm) 

from the middle of Area II were dissected and stored 
-80℃ before Western blotting. Six samples in each 
group were processed by extracting proteins with a 
lysis buffer. Another six samples in each group were 
processed by extracting cytoplasmic protein and 
nuclear protein with NE-PER™ Nuclear and 
Cytoplasmic Extraction Reagents. Protein 
concentrations were calculated using the BCA assay. 
Proteins were separated by 12% polyacrylamide gel 
electrophoresis and subsequently transferred to PVDF 
membranes (Roche Applied Science, Indianapolis, IN, 
USA). After blocking with 5% (w/v) nonfat milk for 2 
hours at room temperature, the membranes were 
incubated overnight with the following primary 
antibodies at 4℃ overnight: VEGF (1:1000), MMP-9 
(1:1000), Cadherin 5 (1:1000), HO-1 (1:1000), eNOS 
(1:1000), SOD1 (1:1000), Bax (1:1000), CYC (1:1000), 
CASP3 (1:1000), Beclin1 (1:1000), p62 (1:1000), LC3II 
(1:1000), VPS34 (1:1000), CTSD (1:1000), AMPK 
(1:1000), p-AMPK (1:1000), mTOR (1:1000), p-mTOR 
(1:1000), TFEB (1:1000), GAPDH (1:1000), and 
Histone-H3 (1:1000). Then the membranes were 
incubated with goat-anti-rabbit or goat-anti-mouse 
secondary antibodies for 2 hours at room 
temperature. The immunoreactive proteins were 
visualized using the ECL Plus Reagent Kit. Finally, 
the band intensity was quantified using Image 
Laboratory 3.0 software (Bio-Rad Laboratories Inc, 
Hercules, CA, USA).  

Statistical analyses 
Statistical analyses were performed using SPSS 

software version 19.0 (SPSS, Chicago, IL). All data 
were expressed as mean ± Standard Error of Mean 
(SEM). The data from the four groups were analyzed 
using an independent-sample t-test and one-way 
ANOVA. A value of p < 0.05 was considered to 
represent a statistical significance. 
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Results 
MET enhances the viability of random skin 
flaps 

By POD 3, the random skin flaps in both groups 
were pale and swollen without obvious necrosis in 
Area III. There were no significant differences in the 
flap survival area between the two groups (Fig. 1A). 
On POD 7, each group exhibited survival in Area I, 
whereas Area III had become darker with necrosis 
spreading to Area II, along with scabbing and 
hardening (Fig. 1A). The mean survival area of the 
group treated with MET was significantly larger than 
that of the Control group (75.43 ± 3.54% and 54.91 ± 
2.78%, respectively; p = 0.001; Fig. 1B). In the Control 
group, the distal portion of the flaps was significantly 
edematous with subcutaneous venous blood 
congestion (Fig. 1C). These changes were less 
apparent in the MET group. The water content of 
tissue was lower in the MET group than in the Control 
group (40.50 ± 3.69% and 55.48 ± 2.93%, respectively; p 
= 0.010; Fig. 1D). Furthermore, from observation of 
LDBF images, the MET group showed more obvious 
signal intensity of blood flow than that of the Control 
group (Fig. 1E). After data quantification, the signal 
intensity of blood flow was significantly different 
between the MET group and the Control group 
(434.42 ± 32.18PU and 261.42 ± 26.02PU, respectively; 
p = 0.004; Fig. 1F). The H&E staining observation 
showed the MET group generated a greater number 
of microvessels (209.00 ± 18.26/mm2) compared with 
the Control group (118.69 ± 13.10/mm2; p = 0.001; Fig. 
1G&H). Finally, IHC showed that the number of 
CD34-positive vessels was also greater in the MET 
group than the Control group (278.35 ± 14.69/mm2 
and 137.76 ± 13.08/mm2, respectively; p < 0.001; Fig. 
1I&J). 

MET promotes angiogenesis in random skin 
flaps 

IHC for VEGF and Cadherin 5 expression was 
performed to quantify the capacity of 
neovascularization in the Control and MET groups. 
VEGF was detected in vessels and stromal cells in 
Area II and at a higher level in the MET group than in 
the Control group (p = 0.002; Fig. 2A&B). Cadherin5, 
the protein which mainly expressed in similar cells 
and tissue (Fig. 2C), was also higher in the MET group 
than in the Control group (p = 0.018; Fig. 2D). 
Western blotting revealed significantly upregulated 
VEGF, MMP9, and Cadherin 5 levels in the MET 
group compared with controls (p = 0.021, p = 0.021 and 
p = 0.033, respectively; Fig. 2E-J). 

MET reduces apoptosis in random skin flaps 
IHC was conducted to determine CASP3 level in 

the dermis layer of area II in the Control and MET 
groups. Lower CASP3 level was detected in vessels 
and stromal cells of the MET group than the Control 
group (Fig. 3A), with a lower integral absorbance in 
the MET group (p < 0.001; Fig. 3B). Western blotting 
was performed to detect the expression of Bax, CYC 
and CASP3 in the ischemic flap tissues (Fig. 3C-E). 
The results showed that the optical density values of 
Bax, CYC and CASP3 were significantly 
down-regulated in the MET group compared with the 
Control group (p < 0.001, p = 0.029, and p = 0.016 
respectively; Fig. 3F-H). 

MET inhibits oxidative stress in random skin 
flaps 

IHC was carried out for SOD1 expression to 
indicate oxidative stress level in area II of flaps. As 
shown in Fig. 4A, higher level of SOD1 was observed 
in vessels and stromal cells of the MET group, 
compared with the Control group. The integral 
absorbance of SOD1 was larger in the MET group 
than in the Control group (p < 0.001; Fig. 4B). Western 
blotting was also conducted for the expression of 
SOD1, eNOS and HO1 in the flaps (Fig. 4C-E). The 
results showed that the protein levels of SOD1, eNOS 
and HO1 were also increased in the MET group 
compared with the Control group (p < 0.001, p < 0.001 
and p = 0.003, respectively; Fig. 4E-H).  

MET activates autophagy in random skin flaps 
To verify activation of autophagy in flaps, we 

evaluated the levels of autophagosomal proteins 
Beclin1, VPS34, and LC3II, as well as 
autolysosome-related protein CTSD and autophagic 
substrate protein p62. As shown in Fig. 5A, 
autophagosomes were labeled as LC3II punctate dots 
(red), and nuclei were labeled with DAPI (blue) in the 
dermis of ischemic flaps; the MET group exhibited 
higher numbers of LC3II-positive cells compared with 
the Control group. Moreover, higher level of CTSD 
was observed in vessels and stromal cells of the MET 
group, compared with the Control group (Fig. 5B). 
The integral absorbance of CTSD was significantly 
higher in the MET group than in the Control group (p 
= 0.011; Fig. 5C). Western blotting was also performed 
for Beclin1, VPS34, LC3II, CTSD and p62 expressions 
in the flaps (Fig. 4D&E). As a result, optical density 
values of Beclin1, LC3II, VPS34, CTSD were higher in 
the MET group than in the Control group (p < 0.001, p 
= 0.03, p = 0.005, and p = 0.028, respectively; Fig. 5F), 
with a lower value of p62 in the MET group (p < 0.001; 
Fig. 5F). 
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Figure 1. MET enhances the viability of random skin flaps. (A) Digital photographs of flaps of the Control and MET groups on POD 3 and POD 7 (scale bar, 
1 cm). (B) The percentages of survival area in the Control group and the MET group were quantified and analyzed. (C) Digital photographs of the inner side of flaps 
in the Control and MET groups on POD7 (scale bar, 1 cm). (D) Histogram of percentage of tissue water content in each group. (E) Full field LDBF images of flaps 
in each group on POD 7 (scale bar, 1 cm). (F) The signal intensity of blood flow of flaps was quantified and analyzed. (G) H&E staining to show vessels in area II of 
flaps in the Control and MET groups (original magnifcation×200; scale bar, 50μm). (H) Histogram of percentage of MVDs in each group. (I) IHC for CD34 to present 
vessels of area II in the Control group and the MET group (original magnifcation×200; scale bar, 50μm). (J) Histogram of percentage of CD34-positive vessels in each 
group. Values are expressed as means± SEM, n= 6 per group. *p<0.05 and **p< 0.01, vs. Control group. 

 

Inhibition of autophagy reverses the effects of 
MET on angiogenesis, apoptosis and oxidative 
stress 

To verify that autophagy was the primary 
mechanism underlying MET activity, we next 
examined the effects of MET on random-pattern skin 
flaps treated with the autophagy inhibitors 3MA or 

CQ. Then the levels of autophagy, angiogenesis, 
apoptosis, and oxidative stress were compared 
among the MET-, MET+3MA- and MET+CQ-treated 
groups. As shown in Fig. 6A, the number of 
LC3II-positive cells was decreased in the dermis of 
MET+3MA mice compared with those receiving MET 
alone. Western blotting revealed the expressions of 
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Beclin1, LC3II, VPS34, CTSD were lower in the 
MET+3MA group than in the MET group (p = 0.002, p 
= 0.008, p = 0.037, and p = 0.005, respectively; Fig. 
B&C), with a higher level of p62 in the MET+3MA 
group (p = 0.001; Fig. B&C); the expression of VEGF, 
Cadherin 5, eNOS, SOD1, and HO1 was significantly 
downregulated in the MET+3MA group (p = 0.011, p = 
0.034, p = 0.008, p = 0.004, and p < 0.001; respectively; 
Fig. 6B&C), whereas that the expression of CYC, Bax, 
and CASP3 were remarkably upregulated in the 
MET+3MA group (p = 0.008, p < 0.001, and p = 0.017, 
respectively; Fig. 6B&C), compared with the MET 
group; but MMP9 expression was not different 
between the two groups (p = 0.121; Fig. 6B&C). As 

shown in Fig. 6 C&D, Western blotting showed that 
the CQ treatment significantly increased the 
expression of LC3II and p62 (p = 0.001 and p = 0.042, 
respectively), and decreased CTSD expression (p = 
0.027), in the MET+CQ group, but not changed the 
levels of Beclin1 and VPS34 (p = 0.739 and p = 0.522, 
respectively); CQ also downregulated the level of 
VEGF, Cadherin 5, eNOS, SOD1, and HO1 (p = 0.011, 
p = 0.002, p = 0.006, p = 0.009, and p = 0.017, 
respectively), and upregulated the expression of CYC, 
Bax, and CASP3 (p = 0.015, p = 0.035 and p = 0.002, 
respectively), but not changed the expression of 
MMP9 (p = 0.952) in MET+CQ group. 

 
 

 
Figure 2. MET promotes angiogenesis in random skin flaps. (A&C) IHC for VEGF and Cadherin 5 expressions in the ischemic flaps of the Control and MET 
groups (original magnification × 200; scale bar, 50μm). (B&D) The optical density values of VEGF and Cadherin 5 were quantified and analyzed in each group. (E-G) 
Western blotting for VEGF, MMP9, and Cadherin 5 expressions in the ischemic flaps of the Control and MET groups. The gels have been run under the same 
experimental conditions, and cropped blots are used here. (H-J) Optical density values of VEGF, MMP9, and Cadherin 5 were quantified and analyzed in each group. 
Values are shown as means± SEM, n= 6 per group. *p< 0.05 and **p< 0.01, vs. Control group. 
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Figure 3. MET reduces apoptosis in random skin flaps. (A) IHC for CASP3 expression in the ischemic flaps of the Control and MET groups (original 
magnification × 200; scale bar, 50μm). (B) The optical density values of CASP3 were quantified and analyzed in each group. (C-E) Western blotting for Bax, CYC, and 
CASP3 expressions in the ischemic flaps of the Control and MET groups. The gels have been run under the same experimental conditions, and cropped blots are used 
here. (F-H) Optical density values of Bax, CYC and CASP3 were quantified and analyzed in each group. Values are presented as means± SEM, n= 6 per group. *p< 
0.05 and **p< 0.01, vs. Control group. 

 
Figure 4. MET inhibits oxidative stress in random skin flaps. (A) IHC for SOD1 expression in the ischemic flaps of the Control and MET groups (original 
magnification × 200; scale bar, 50μm). (B) The optical density values of SOD1 were quantified and analyzed in each group. (C-E) Western blotting for eNOS, SOD1, 
and HO1 expressions in the ischemic flaps of the Control and MET groups. The gels have been run under the same experimental conditions, and cropped blots are 
used here. (F-H) Optical density values of eNOS, SOD1, and HO1 were quantified and analyzed in each group. Values are exhibited as means± SEM, n= 6 per group. 
**p< 0.01, vs. Control group. 
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Figure 5. MET activates autophagy in random skin flaps. (A) Autophagosomes (red) in cells in Area II of flaps in the Control and MET groups by 
Immunofluorescence staining for LC3II (scale bar, 25μm). (B) IHC for CTSD expression in the ischemic flaps of the Control and MET groups (original magnification 
× 200; scale bar, 50μm). (C) The optical density values of CTSD were quantified and analyzed in each group. (D&E) Western blotting for Beclin1, LC3II, p62, VPS34, 
and CTSD expressions in the ischemic flaps of the Control and MET groups. The gels have been run under the same experimental conditions, and cropped blots are 
used here. (F) Optical density values of Beclin1, LC3II, p62, VPS34, and CTSD were quantified and analyzed in each group. Values are expressed as means± SEM, n= 
6 per group. *p< 0.05 and **p< 0.01, vs. Control group. 

 

Inhibition of autophagy reverses the effects of 
MET on flap vitality. 

The effects of 3MA or CQ on the vitality of the 
flaps treated with MET were further examined in the 
next step. As shown in Fig. 7A&B, there was no 
significant difference in the flap survival area among 
the MET, MET+3MA and MET+CQ groups on POD 3; 
on POD 7, the flap survival area was decreased in 
both MET+3MA and MET+CQ groups compared 
with the MET group (57.44 ± 3.92%, 55.75 ± 3.52% and 
75.43 ± 3.54%, respectively; p = 0.003 and p = 0.002, 
respectively;). In the inner side of flap, edema with 
subcutaneous venous blood congestion was more 
apparent in the MET+3MA and MET+CQ groups, 
compared with the MET group (Fig. 7C). After data 
quantification, the water content of tissue was higher 
in both MET+3MA and MET+CQ groups than in the 
MET group (54.29 ± 3.96%, 57.30 ± 3.14% and 40.50 ± 
3.69%, respectively; p = 0.016 and p = 0.005, 
respectively; Fig. 7D). Furthermore, from observation 

of LDBF images, both MET+3MA and MET+CQ 
groups showed less obvious signal intensity of blood 
flow than the MET group (Fig. 7E). After data 
quantification, the signal intensity blood of flow was 
significantly weaker in the MET+3MA and MET+CQ 
groups (286.27 ± 22.81PU, and 277.82 ± 18.57PU, 
respectively) than the MET group (434.42 ± 32.18PU; p 
= 0.001 and p = 0.001, respectively; Fig. 7F). The H&E 
staining observation showed that the MET+3MA and 
MET+CQ groups (132.83 ± 12.34/mm2 and 148.03 ± 
13.35/mm2) generated a smaller number of 
microvessels compared with the MET group (209.00 ± 
18.26/mm2; p = 0.003 and p = 0.011, respectively; Fig. 
7G&H). Finally, IHC showed that the number of 
CD34-positive vessels was also fewer in the 
MET+3MA and MET+CQ groups (184.72 ± 
20.50/mm2 and 173.03 ± 17.09/mm2) than the MET 
group (278.35 ± 14.69/mm2; p = 0.002 and p = 0.001, 
respectively; Fig. 7I&J). 
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Figure 6. Inhibition of autophagy reverses the effects of MET on angiogenesis, apoptosis and oxidative stress. (A) Autophagosomes (red) in cells in 
Area II of flaps in the MET and MET+3MA groups by Immunofluorescence staining for LC3II (scale bar, 25μm). (B&D) The expressions of autophagy-related protein 
VPS34, p62, LC3II, Beclin1, and CTSD; angiogenesis-related protein VEGF, Cadherin 5, and MMP9; oxidative stress-related protein SOD1, HO1, and eNOS and 
apoptosis-related protein Bax, CYC, and CASP3 in each group, were assessed by Western blotting. The gels have been run under the same experimental conditions, 
and cropped blots are used here. (C&E) Optical density values of VPS34, p62, LC3II, Beclin1, CTSD, VEGF, Cadherin 5, MMP9, SOD1, HO1, eNOS, Bax, CYC, and 
CASP3 expressions in the two groups. Values are expressed as means± SEM, n= 6 per group. #p< 0.05 and ##p< 0.01, vs. MET group. 

 

MET activates autophagy via the 
AMPK-mTOR-TFEB signaling pathway  

To investigate the role of the AMPK-mTOR- 
TFEB signaling pathway in MET-associated 
autophagy, the MET-treated flaps were treated with 
CC or AMPK shRNA AAV vector to the 
AMPK-mTOR-TFEB signaling pathway, and then 
detected for levels of autophagy and flap vitality. As 
shown in Fig. 8A, TFEB (red) translocation to nuclear 
(blue) in cells of flaps was increased in the MET 
group, compared with the Control group; the CC 
treatment decreased the nuclear translocation of TFEB 

in the MET+CC group. Western blotting revealed that the 
levels of phosphorylated AMPK and nuclear TFEB 
were upregulated (p = 0.016, p = 0.008), whereas that 
phosphorylated mTOR was downregulated (p = 
0.001) in the MET group compared with the Control 
group; the CC treatment reversed the effects of MET 
on AMPK and mTOR phosphorylation and TFEB 
nuclear translocation (p = 0.049, p = 0.041, p = 0.039; 
Fig. 8B&E; C&F). Moreover, as shown in Fig. 8 D&G, 
Western blotting showed the expression of Beclin1, 
LC3II, VPS34, CTSD was lower in the MET+CC group 
than in the MET group (p = 0.049, p < 0.001, p = 0.03, 
and p = 0.018, respectively), with a higher level of p62 
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in the MET+CC group (p < 0.001). These data 
suggested MET activated AMPK-mTOR-TFEB 
signaling pathway in ischemic flaps, and the 
CC-induced inhibition of the signaling pathway 
activation resulted in the downregulation of 
autophagy in the MET+CC group. On the other hand, 
AAV- AMPK shRNA injection significantly decreased 
AMPK phosphorylation and TFEB nuclear 
translocation, and increased mTOR phosphorylation 
in flaps with the treatment of MET (p = 0.037, p < 
0.001, p = 0.011; Fig. 8H&K; I&L). In addition, 
expressions of Beclin1, LC3II, VPS34, CTSD were 
lower in the MET+AMPK shRNA group than in the 
MET group (p = 0.013, p = 0.001, p = 0.003, and p = 
0.008, respectively), with a higher level of p62 (p < 
0.001, Fig. 8J&M). And there is no significant 

difference of AMPK-mTOR-TFEB signaling pathway 
and autophagy- related proteins expression between 
the MET group and the MET+Scramble control group 
(Fig. 8 H-M). Finally, the vitality of random skin flap 
was assessed in each group. As shown in Fig. 8M&N, 
there was no significant difference in the flap survival 
area among the MET, MET+CC, MET+Scramble 
control, and MET+AMPK shRNA groups on POD 3; 
on POD 7, the flap survival area was decreased in 
both MET+CC and MET+AMPK shRNA groups 
compared with the MET group (58.55±10.50% and 
49.26±5.14%, respectively; p = 0.002 and p < 0.001, 
respectively); There was no apparent difference of the 
flap survival area between the MET group and the 
MET+Scramble control group on POD 7. 

 

 
Figure 7. Inhibition of autophagy reverses the effects of MET on flap vitality. (A) Digital photographs of flaps of the MET, MET+3MA and MET+CQ groups 
on POD 3 and POD 7 (scale bar, 1 cm). (B) The percentages of survival area in the MET group, the MET+3MA group and the MET+CQ group were quantified and 
analyzed. (C) Digital photographs of the inner side of flaps in the MET, MET+3MA and MET+CQ groups on POD7 (scale bar, 1 cm). (D) Histogram of percentage 
of tissue water content in each group. (E) Full field LDBF images of flaps in each group on POD 7 (scale bar, 1 cm). (F) The signal intensity of blood flow of flaps was 
quantified and analyzed. (G) H&E staining to show vessels in area II of flaps in the MET, MET+3MA and MET+CQ groups (original magnifcation×200; scale bar, 50μm). 
(H) Histogram of percentage of MVDs in each group. (I) IHC for CD34 to present vessels of area II in the MET, MET+3MA and MET+CQ groups (original 
magnifcation×200; scale bar, 50μm). (J) Histogram of percentage of CD34-positive vessels in each group. Values are expressed as means± SEM, n= 6 per group. 
#p<0.05 and ##p< 0.01, vs. MET group. 
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Figure 8. MET activates autophagy via AMPK-mTOR-TFEB signaling pathway. (A) Nuclear translocation of TFEB (red) in cells of flaps in the Control, 
MET and MET+CC groups by Immunofluorescence staining for TFEB (scale bar, 25μm). (B-D) The expressions of AMPK-mTOR-TFEB signaling pathway-related 
protein AMPK, p-AMPK, mTOR, p-mTOR, cytoplasmic TFEB, nuclear TFEB in the Control, MET and MET+CC groups, and autophagy-related protein p62, VPS34, 
CTSD, Beclin1, and LC3II in the MET and MET+CC groups, as assessed by Western blotting. The gels have been run under the same experimental conditions, and 
cropped blots are used here. (E-G) Optical density values of AMPK, p-AMPK, mTOR, p-mTOR, cytoplasmic TFEB, nuclear TFEB, p62, VPS34, CTSD, Beclin1, and 
LC3II expressions in each group. (H-J) The expressions of AMPK, p-AMPK, mTOR, p-mTOR, cytoplasmic TFEB, nuclear TFEB, p62, VPS34, CTSD, Beclin1, and LC3II 
in the MET, MET+Scramble control and MET+AMPK shRNA groups, as assessed by Western blotting. The gels have been run under the same experimental 
conditions, and cropped blots are used here. (K-M) Optical density values of AMPK, p-AMPK, mTOR, p-mTOR, cytoplasmic TFEB, nuclear TFEB, p62, VPS34, CTSD, 
Beclin1, and LC3II expressions in each group. (N) Digital photographs of flaps of the MET, MET+CC, MET+Scramble control and MET+AMPK shRNA groups on 
POD 3 and POD 7 (scale bar, 1 cm). (O) The percentages of survival area in the MET, MET+CC, MET+Scramble control and MET+AMPK shRNA groups were 
quantified and analyzed. Values are expressed as means± SEM, n= 6 per group. *p< 0.05 and **p< 0.01, vs. Control group; #p< 0.05 and ##p< 0.01, vs. MET group; &p< 
0.05 and &&p< 0.01, vs. MET+Scramble control group. 

 

Discussion 
MET is a common oral hypoglycemic agent used 

to treat type 2 diabetes and prevent vascular 
complications [15, 16]. Recent studies examining the 
therapeutic effects of MET have demonstrated its 
efficacy in a wide range of conditions, including 
diabetic cardiomyopathy [17], acute hyperglycemia– 
chemical hypoxia [20, 21], and spinal cord injury [18]. 
MET treatment has also been shown to improve flap 
survival in a random skin flap model [22]; however, 
the mechanisms underlying these effects remain 
poorly understood. The data presented here showed 
that MET promotes the survival of random skin flaps 

via increased neovascularization of the affected areas, 
driven by increases autophagy, while inhibiting 
oxidative stress and apoptosis. Furthermore, our 
study found that MET induced autophagy via its 
regulation of the AMPK-mTOR-TFEB signaling 
pathway. 

MET promoted angiogenesis by augmenting the 
expression of VEGFA in an acute hyperglycemia– 
chemical hypoxia model [20, 21], as well as in mice 
after middle cerebral artery occlusion via regulation 
of the AMPK-eNOS signaling pathway [32]. In our 
study, hematoxylin and eosin and IHC staining for 
CD34 revealed a remarkably increased number of 
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microvessels in the dermis of random skin flaps 
treated with MET. Further analysis using LDBF 
demonstrated that the blood flow of flaps was 
improved in the MET group. These findings indicated 
that treatment with MET increases the survival of 
flaps by elevating the number of microvessels and 
restoring blood supply. Angiogenesis involves the 
destruction of pre-existing cell connections, mitosis, 
sprouting of endothelial cells, and maturation of new 
capillaries. Throughout the process of angiogenesis, 
VEGF serves as the initiating signal and induces 
endothelial cell sprouting [33]. MMP9 stimulates the 
release of VEGF and contributes to the angiogenic 
process [34]. Cadherin 5 plays an important role in 
migration and positional changes of angiogenic 
endothelial cells [35]. Our data showed strong 
inductions of MMP9, VEGF, and Cadherin 5 protein 
expression in response to MET treatment. Moreover, 
increased expression of Cadherin 5 in dermal flaps 
demonstrated by Western blotting was validated by 
IHC. Together, these data show that MET enhances 
the survival and neovascularization of random skin 
flaps via increased expression of MMP9, VEGF and 
Cadherin 5.  

Generation of random-pattern skin flaps creates 
a region of acute ischemia, with the resulting 
ischemia-induced oxidative stress and cell apoptosis 
closely related to flap survival [4, 36, 37]. Previous 
studies have shown that MET protects the fatty liver 
from acute oxidative stress-related mitochondrial 
injury and cell death via three contributory 
mechanisms: increased antioxidant enzyme activity, 
decreased mitochondrial ROS production in complex 
I, and reduced post-ischemic inflammation [38]. 
Ischemic damage and oxidative stress lead to 
significant changes in gene expression [39], including 
increases in ischemia-related genes, such as HO-1 and 
eNOS, and oxidative stress-related genes, such as 
SOD1. Upregulation of these genes significantly 
attenuates ischemic and oxidative conditions and is 
necessary for antioxidant activity [39-42]. Western 
blotting demonstrated increases in SOD1, eNOS, and 
HO-1 levels in the dermis of random skin flaps by 
MET treatment. Increased SOD1 expression in 
ischemic flaps was also evident in IHC analyses. 
Taken together, these data showed that treatment 
with MET improves the survival of random skin flaps 
by inhibiting oxidative stress. 

Oxidative stress plays a vital role in the 
progression of ischemia–reperfusion injuries, which 
can result in extensive cell apoptosis if left untreated 
[37]. MET has been shown to protect cells from 
apoptosis in a variety of ischemic diseases such as 
acute hyperglycemia–chemical hypoxia, ischemic 
brain damage, and stroke [21, 43, 44]. 

Ischemia–reperfusion injury-induced apoptosis 
ordinarily accompanies high levels of ROS production 
[45]. Excessive ROS levels can increase the 
permeability of the inner mitochondrial membrane 
and disturb the balance of Bcl-2-like anti-apoptotic 
factors and Bax-like pro-apoptotic factors, resulting in 
the release of pro-apoptotic proteins, such as CYC, 
into the intermembrane space [46]. Release of CYC 
activates CASP3, which can induce apoptosis [47]. 
Accordingly, we examined Bax, CYC, and CASP3 
levels to assess the extent of cell apoptosis occurring 
in response to various treatments. Western blotting 
showed that Bax, CYC, and CASP3 expression was 
inhibited in the MET group. IHC analysis of CASP3 
expression also showed a significant decrease in the 
MET group relative to the Control group, indicating 
that MET attenuates the level of apoptosis in ischemic 
flaps. 

Macroautophagy (hereafter named autophagy) 
plays a vital role in cell survival and maintenance by 
degrading and recycling damaged organelles, toxic 
agents and long-lived proteins through an 
autophagosomal - lysosomal pathway [48]. 
Autophagy is particularly important in vascular 
diseases, having been shown to preserve the 
angiogenic function of endothelial progenitor cells, as 
well as reduce cardiac hypertrophy, apoptosis, and 
fibrosis in a mouse model of chronic ischemic 
remodeling [9, 49]. Recently, MET was shown to 
induce autophagy as well as protect against ischemic 
brain injury [50], suggesting potential benefits for use 
in random-pattern skin flaps, although such an 
application had not been investigated. To our 
knowledge, this is the first report of MET-mediated 
activation of autophagy in the context of random skin 
flaps. Upon initiation of autophagy, the levels of the 
autophagosomal proteins Beclin1, VPS34, and LC3II 
and the autolysosome-related protein CTSD are 
increased, while that of autophagic substrate protein 
p62, used to monitor autophagic flux, is decreased 
[51-53]. In the present study, immunofluorescence 
and IHC revealed significant increases in LC3II and 
CTSD levels in the MET group. Similar increases in 
Beclin1, VPS34, LC3II, and CTSD, and a decrease in 
p62, protein levels in the MET group relative to the 
Control group were also evident by Western blotting. 
Together, these observations suggest that MET 
upregulates autophagy in random-pattern skin flaps. 

Like many cellular functions, autophagy is a 
double-edged process. On the one hand, activation of 
autophagy plays an essential role in the prevention of 
disease, particularly vascular conditions [54]. 
However, on the other hand, autophagy serves as a 
distinct cell death mechanism independent of 
apoptosis [55]. To verify the role of MET-induced 
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autophagy in random skin flaps, the autophagy 
inhibitor 3MA or CQ was administered together with 
MET. Inhibition of autophagy by 3MA or CQ reversed 
the effects of MET on survival and blood flow, as well 
as the MET-induced decrease in tissue edema and 
increase in microvessel density. Moreover, both 3MA 
and CQ decreased the levels of angiogenesis-related 
proteins VEGF and Cadherin 5, suggesting MET is 
able to promote angiogenesis in random skin flaps by 
activating autophagy. Previous study of disc 
degeneration showed that activation of autophagy 
alleviates mitochondrial dysfunction and cell 
apoptosis under oxidative stress [13]. Interestingly, 
both 3MA and CQ significantly increased the 
apoptosis-related proteins Bax, CYC, and CASP3, 
while reducing the oxidative stress-related proteins 
eNOS, HO-1, and SOD1. These changes suggest that 
MET inhibits cell apoptosis and alleviates oxidative 
stress by activating autophagy. In the context of flap 
survival, MET-induced autophagy enhances the 
survival of random skin flaps via promotion of 
angiogenesis and suppression of oxidative stress and 
apoptotic processes. 

AMPK is a key regulator of autophagy activated 
under the conditions of nutrient or energy starvation 
or oxidative stress; and in this system, changes in 
cellular energy result in a decrease in the ATP/ADP 
ratio and activation of AMPK [56, 57]. The activation 
of AMPK can repress mTOR activity both directly, by 
phosphorylating raptor, and indirectly, via activation 
of tuberous sclerosis complex-2 [58]. This inhibition of 
mTOR signaling by AMPK further enhances 
autophagy [59]. From a mechanistic standpoint, when 
activation of mTOR is suppressed, TFEB is activated 
by dephosphorylation and then translocated into the 
nucleus [23]. Numerous lysosomal and autophagy 
genes, such as LC3, Beclin1, autophagy-related gene 5 
(ATG5), CTSD, and lysosomal-associated membrane 
proteins 2 (LAMP2), with one or more 10-base-pair 
motifs (GTCACGTGAC) termed as CLEAR elements 
are recognized by the TFEB which in turn promotes 
gene transcription [24, 25]. Therefore, the nucleus 
translocation of TFEB results in upregulation of 
autophagy level in cells [60]. 

MET acts as a regulator of autophagy by 
activating AMPK-dependent suppression of mTOR in 
endotoxemia-induced acute lung injury and diabetic 
cardiomyopathy [27, 61]. While MET can induce 
autophagy via activation of the AMPK-mTOR 
pathway, the effects of this on TFEB nuclear 
translocation has not been examined. Our data 
suggest that MET treatment upregulated both 
autophagy and AMPK-mTOR-TFEB signaling. 
Suppression of AMPK activity by CC or AMPK shRNA 
AAV vector was used to verify whether the 

AMPK-mTOR-TFEB signaling pathway also mediates 
the autophagic effects stimulated by MET. 
Interestingly, we found that either CC or AMPK 
shRNA AAV vector significantly attenuated the 
effects of MET on mTOR signaling and even reversed 
the effects of MET on TFEB nuclear translocation, 
consistent with the decrease in the nuclear 
translocation of TFEB in the dermis. Furthermore, 
both CC and AMPK shRNA AAV vector inhibited 
MET-induced autophagy as evidenced by a decrease 
in the expression of autophagy-related proteins 
Beclin1, VPS34, LC3II, and CTSD and an increase in 
autophagic substrate protein p62 expression, 
suggesting that the AMPK-mTOR-TFEB pathway 
may be important in enhancing MET-induced 
autophagy. Thus, the mechanistic studies presented 
here demonstrated that MET regulated autophagy 
and TFEB nuclear translocation via the AMPK-mTOR 
signaling pathway. 

Taken together, the present study found that 
treatment with MET enhances the survival of 
random-pattern skin flaps by alleviating oxidative 
stress, promoting angiogenesis, and inhibiting 
apoptosis. These effects were associated with 
activation of autophagy via the AMPK-mTOR-TFEB 
signaling pathway. 
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