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Random-pattern skin flap is widely used in tissue reconstruction. However, necrosis
occurring in the distal part of the flap limits its clinical application to some extent. Activation
of autophagy has been considered as an effective approach to enhance the survival of skin
flaps. Pseudoginsenoside F11 (PF11), an ocotillol-type saponin, is an important
component of Panax quinquefolium which has been shown to confer protection
against cerebral ischemia and alleviate oxidative stress. However, it is currently
unknown whether PF11 induces autophagy to improve the survival of skin flaps. In this
study, we investigated the effects of PF11 on blood flow and tissue edema. The results of
histological examination and western blotting showed that PF11 enhanced angiogenesis,
alleviated apoptosis and oxidative stress, thereby improving the survival of the flap. Further
experiments showed that PF11 promoted nuclear translocation of TFEB and by regulating
the phosphorylation of AMPK. In summary, this study demonstrates that PF11 activates
autophagy through the AMPK-TFEB signal pathway in skin flaps and it could be a
promising strategy for enhancing flap viability.
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INTRODUCTION

Random-pattern skin flaps are commonly used in clinical practice to repair skin injury and cover
wounds because of its high efficiency and convenience (Yu et al., 2013; Park et al., 2015). However,
several post-operative complications limit its clinical application, the most serious of which was the
flap necrosis (Ellabban et al., 2020). Lack of axial vasculature and insufficient oxygen supplement in
the distal part of the flap are the main causes of necrosis (Namazi, 2014; Chang et al., 2017).
Angiogenesis is a vital compensatory response to skin flap ischemia (Cury et al., 2013). After blood
flow is restored, reperfusion of the affected tissues results in ischemia–reperfusion injury (IRI) also
leads to flap necrosis (Wang W. Z. et al., 2011; Lin et al., 2017). This calls for the development of an
effective method to increase the survival of skin flaps.

Autophagy is an important catabolic process that promotes cell survival by degrading cytosolic
macromolecules and organelles (Betin and Lane, 2009; Bell et al., 2020). Various reports have shown
that autophagy plays a cardinal role in regulating angiogenesis, apoptosis, and oxidative stress. For
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example, upregulated autophagy promotes angiogenesis and
cardiac functional recovery after myocardial infarction (Liu
et al., 2020a). Enhanced p53 degradation induces autophagy
thereby attenuating oxidative stress-induced apoptosis (Liu
et al., 2018). Moreover, in random-pattern skin flaps models
augmented autophagy is conducive to enhance angiogenesis and
reduce IRI (Lin et al., 2019; Zhou et al., 2019). Altogether, these
findings imply that activation of autophagy may be an efficient
strategy to improve the survival rate of skin flaps.

Pseudoginsenoside-F11 (PF11) is an ocotillol-type saponin
found in Panax quinquefolium (Wang et al., 2013). PF11 has been
reported to regulate macrophage polarization, and hence protect
neurons from ischemic injury (Hou et al., 2020). In acute lung
injury, PF11 was reported to suppress neutrophil infiltration and
improve the neutrophil clearance rate (Wang P. et al., 2019).
Moreover, animal models have shown that PF11 plays a
protective role against Alzheimer’s disease and Parkinson’s
disease (Song et al., 2017; Zhu et al., 2020). In the microglial
cell model, PF11 was found to modulate TAK1/IKK/NF-κB and
Akt signaling pathways to suppress the release of ROS and
proinflammatory mediators (Wang et al., 2014). Interestingly,
a recent study showed that PF11 upregulated autophagy and
restored autophagy flow by promoting nuclear translocation of
TFEB in neurons (Fu et al., 2021). However, the effect of PF11 on
skin flaps has not been studied. Therefore, this study was designed
to explore the effects of PF11-induced autophagy on random
pattern skin flaps and the mechanisms involved.

MATERIALS AND METHODS

Animals
A total of 132 healthy male Sprague Dawley rats (250–300 g) were
obtained from Wenzhou Medical University (License No. SCXK
[ZJ] 2005-0019). All rats received humane care and were housed
in a room adjusted to 12 h light/dark cycles, humidity of 50 ± 5%,
and temperature of 22–25°C. This study was approved by the
Animal Care and Use Committee of Wenzhou Medical
University (wydw 2017-0022) and conformed to the Guide for
Care and Use of Laboratory.

Reagents and Antibodies
The following reagents and antibodies were acquired as follows: PF11
(C42H72O14; purity ≥ 98%), 3MA (C6H7N5; purity ≥ 99.84%), and
Compound C (CC, C24H25N5O; purity ≥ 99.65%) were obtained
from MedChemExpress (Shanghai, China). The DAB developer,
H&E Staining Kit, bovine serum, and pentobarbital sodium were
purchased from Slarbio Science and Technology (Beijing, China).
The 4,6-diamidino-2-phenylindole (DAPI), BCA Kit, RAPI Lysis
Buffer, PMSF (Phenylmethanesulfonyl fluoride), Nuclear and
Cytoplasmic Protein Extraction Kit (P0028), and the ECL Plus
Reagent Kit (P0018FS) were bought from Beyotime Biotechnology
(Jiangsu, China). Primary antibodies against α-SMA (14395-1),
VEGF (19003-1), Superoxide Dismutase 1 (SOD1, 10269-1),
Vacuolar Protein Sorting 34 (VPS34, 12452-1), Matrix
Metalloproteinase (MMP9, 10375-2), Heme Oxygenase 1 (HO1,
10701-1), Cathepsin D (CTSD, 21327-1), Histone-H3(H3, 17168-

1) and GAPDH (10494-1) were purchased from Proteintech Group
(Chicago, IL, United States). The primary antibody against Cadherin
5 (A02632-2) was bought from Boster Biological Technology
(Wuhan, China). Primary antibodies against AMPK-α (2532),
phosphorylation-AMPK-α (p-AMPK-α, Ser485, 2537), mTOR
(2983), phosphorylation-mTOR (p-mTOR, Ser2448, 2971), TSC2
(4308), phosphorylation-TSC2 (p-TSC2, Ser1387, 5584),
phosphorylation-Raptor (p-Raptor, Ser792, 2083), Bcl-2 (3498),
Bax (14796), Endothelial Nitric Oxide Synthase (eNOS, 32027),
and Cleaved-caspase 3 (C-caspase3, 9661) were bought from Cell
Signaling Technology (Beverly, MA, United States). The primary
antibodies against SQSTM1/p62 (ab109012) and LC3 (ab192890)
were obtained from Abcam (Cambridge, United Kingdom).

Establishment of Animal Models Flaps
Rats were anesthetized with 3% pentobarbital sodium by
intraperitoneal injection (60 mg/kg). After anesthesia, an
additional dose was given during the surgery if necessary.
Then the electric shaver was used to remove the dorsal fur.
Subsequently, a skin flap (3 × 9 cm) was fixed on the back of
the rat’s dorsum as previously described (Yu et al., 2013). The flap
was covered on the donor bed and sutured to the original position
using 4-0 non-absorbable sutures. The flap was evenly divided
into three equal sections from the distal part to the pedicle: Area I,
Area II, and Area III.

Group Assignment and Treatment
Protocols
A total of 132 rats were randomly divided into six groups: control
group (n � 30), PF11 group (n � 30), PF11 + 3MA group (n � 24),
PF11 + AAV-Negative control group (NC-shRNA, n � 18), PF11 +
AAV-TFEB short hairpin RNA group (TFEB-shRNA, n � 18), and
PF11 + CC group (n � 12). The PF11 group received PF11 (8mg/kg/
day, orally) for 7 days after creation of the flapmodel, while rats in the
control group received an equal volume of saline using the same
protocol. Rats in The PF11 + 3MA group were intraperitoneally
injected with 3MA (10mg/kg/day) 30min before PF11
administration, given a total of 7°days. The PF11 + Compound C
(CC) group received intraperitoneal injection of CC (1.5 mg/kg/day)
30min before PF11 administration, for a total of 7°days. AAV-TFEB-
shRNA (Genechem, Shanghai, China) was packed as previously
reported. Fourteen days before flap surgery, the rats in PF11 +
NC-shRNA group and PF11 + TFEB-shRNA group received daily
subcutaneous injections of 18 micro ml viral vectors in PBS
containing 5 × 109 packaged genomic particles. After
establishment of the flap model, rats in the two groups received
PF11 as described above. Finally, all rats were euthanized by an
overdose of pentobarbital sodium and tissue samples in area II were
harvested for histological evaluation.

Assessment of Flap Survival and Tissue
Edema
On the 7th postoperation day (POD), the flap was photographed
and then measured using Image-Pro Plus software (ver. 6.0;
Media Cybemetics) and the percentage of viable area was
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calculated as: ×100%. The necrotic boundary was clear at the 7th
POD, the distal part of the flap became harder and was covered
with a dark nidus without new hair growth. On the contrary, the
survival areas appeared pink, soft, and with new hair growth.

The water content was measured as an indicator of tissue
edema in the flaps. On the 7th POD, flap specimens were
dehydrated at 50°C. The specimen was weighed until the
weight did not change anymore. The water content was
calculated as previously described as [(wet weight − dry
weight) ÷ wet weight] × 100% (Lin et al., 2018).

Hematoxylin and Eosin Staining and
Immunohistochemistry
On the 7th POD, six tissue samples from area II were fixed in
paraformaldehyde and dehydrated. They were then embedded in
paraffin wax and sectioned into 4°μm sections and stained with H&E
using standard histology protocols. Finally, six random fields were
observed for three sections under a light microscope (Olympus Corp,
Tokyo, Japan). Microvascular density (MVD) was calculated as the
number of micro-vessels per unit area (/mm2).

For the IHC assay, we performed as previously reported (Wu
et al., 2019). In brief, the sections were first deparaffinized with xylene
and rehydrated with ethanol (concentration: 100, 95, 85, and 75%).
After that endogenous peroxidase was quenched with 3% H2O2 for
10min and incubated with 10% bovine serum for 30min at room
temperature. Next, the sections were incubated with the primary
antibodies: anti-Cadherin 5 (1:100), anti-CD34 (1:200), anti-CTSD
(1:200), anti-SOD1 (1:200), and anti-C-caspase3 (1:200) at 4 C
overnight. On the second day, the sections were washed three
times with PBS and then incubated with HRP-conjugated
secondary antibody and counterstained with hematoxylin. The
sections were observed and images were captured under a light
microscope (Olympus). The number of positive cells was counted
using Image-Pro Plus software by observers who were blinded to the
experimental groups.

Immunofluorescence
As described above, six sections were deparaffinized and
rehydrated. After three times washing and tissue antigen was
retrieved with sodium citrate buffer at 95 C for 20 min. Next,
0.1% (v/v) PBS-Triton X-100 was used to permeabilize the
samples. The slides were blocked in 10% (v/v) goat serum
albumin dissolved in PBS for 1°h at room temperature. Finally,
sections were incubated with primary antibody against α-SMA (1:
200), LC3 (1:200), and TFEB (1:100) at 4 C overnight. This was
followed by incubation with FITC-conjugated secondary
antibody at room temperature for 1 h. The nuclei were
counterstained with DAPI. Images of each slide were captured
randomly under a fluorescent microscope (Olympus Inc., Tokyo,
Japan). The number of positive cells was analyzed using Image-
Pro Plus software.

Laser Doppler Perfusion Image
Six rats in each group were placed on a prone position under
anesthesia at room temperature. The Laser Doppler instrument
(Moor Instruments, Axminister, United Kingdom) was used to

scan the full field of the flap to assess the blood supply in the flaps
on the 7th POD. Blood flow was quantified and analyzed using
the Moor LDI Review software (ver.6.1; Moor Instruments). Each
rat was scanned three times and the mean value was calculated.

Western Blotting Analysis
Six tissue samples in each group were harvested from the middle
part of area II for western blotting analysis. The tissues were
homogenized with lysis buffer containing RIPA and 1mmol/L
PMSF and after centrifugation, the total proteins were gathered.
The Nuclear and Cytoplasmic Protein Extraction Kit was used to
separate cytoplasmic and nuclear protein. First, cut the tissue into
small pieces and homogenized it with cytoplasmic protein
extraction reagents A and B on the ice. After 5 min
centrifugation at 1,500 rpm and the supernatant is the
cytoplasmic protein. Second, add the nuclear protein extraction
reagents and vortex on the highest setting for 15 ss and continue
vortexing for 15 ss every 2 min, for a total of 30 min. After 10°min
centrifugation at 13,000 rpm and transfer the supernatant (nuclear
extract) to a clean pre-chilled tube. Finally, the protein
concentration in the samples was determined by the BCA assay
kit. The proteins were resolved on 12% (w/v) gel and transferred
onto PVDF membranes. After blocking with 5% skimmed milk for
120°min, the membranes were incubated with the corresponding
primary antibodies overnight at 4 C. The membranes were
subsequently incubated with a secondary antibody for 2 h at
room temperature. Finally, the ECL Plus Reagent Kit was used
to visualize the protein bands and the gray value of the band was
analyzed using Image Lab 3.0 (Bio-Rad).

Statistical Analyses
Statistical analyses were performed using SPSS 22 software
(Chicago, IL, United States). All data are presented as mean ±
standard deviation (SD). Differences among the groups were
compared with one-way ANOVA or t-test. p-values less than 0.05
were considered statistically significant.

RESULTS

PF11 Promotes the Survival of Random Skin
Flaps
Necrosis gradually developed in the flap from the distal part to the
pedicle, and the tissue became stiff, dark, crumpled, and without
new hair growth (Figure 1A). The survival area in PF11 group
was larger than that in the control group on the7th POD
(Figure 1B). Then Laser Doppler visualized the blood flow in
the flap and results are shown in (Figure 1C). The PF11 group
exhibited a stronger blood flow signal value than the control
group on 7th POD (Figure 1D). Moreover, Flaps with venous
blood stasis and tissue edema were more significant in the control
group compared to the PF11 group (Figure 1E). The water
content in the flaps was lower in PF11 group than in the
control group (Figure 1F). Besides, H&E staining results
showed that the microvascular density of PF11 group was
significantly higher compared with that of control group
(Figures 1G,H). Likewise, CD34 labeled vessels were much
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more in the PF11 group (Figures 1I,J). Collectively, these results
demonstrated that PF11 promoted the survival of flaps.

PF11 Enhances Angiogenesis in Skin Flaps
The protein α-SMA is primarily expressed in vascular smoothmuscle
cells. Immunofluorescence showed that the number of α-SMA
positive microvessels in the PF11 group was much more than that
in the control group (Figures 2A,B). The expression of proteins
associated with angiogenesis was determined using IHC and western
blotting in the skin flaps. Results from both assays showed that the
protein level of Cadherin 5 was significantly higher in the PF11 group
compared to the control group (Figures 2C–F). Moreover, PF11
treatment increased the expression level of VEGF and MMP9 which

was important in the angiogenesis process (Figures 2E,F). Altogether,
these findings indicated that PF11 promoted angiogenesis.

PF11 Reduces Oxidative Stress and
Alleviates Apoptosis in Flaps
Oxidative stress plays an important role during the reperfusion
period in skin flaps. Therefore, IHC and western blotting assays
were carried out to determine the expression of SOD1 in skin
flaps (Figures 3A,E). Results of both IHC and western blotting
assays showed that SOD1 expression was higher in PF11 group
than in control group (Figures 3B,G. eNOS has antioxidant
activity during oxidative stress (Yu and Liu, 2018). HO-1 is

FIGURE 1 | (A) Digital photographs of flap on the 7th POD (scale bar, 1 cm). (B) The histogram showing the percentage of survival area of the flap on the 7th POD.
(C) Laser Doppler images showing vascular network and blood supply on the 7th POD in the control and PF11 groups (scale bar, 1 cm). (D) Histogram showing the
signal intensity of blood flow. (E) Photograph showing edema on the inner side of the skin flap (scale bar, 1 cm). (F) Histogram showing the percentage of tissue water
content (G,H)H&E staining showingMVD in Area II of flaps in the control and PF11 groups (original magnification ×100; scan bar, 100 μm). (I,J) IHC results showing
the density of CD34 labeled vessels (/mm2). Values are expressed as means ± SD, n � 6 per Group. *p < 0.05 and **p < 0.01, vs. control group.
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well known as a downstream target protein of Nrf2 and has a
strong antioxidant capacity (Liu et al., 2020b). Further analysis
showed that PF11 treatment increased eNOS and HO1
expression (Figures 3E,G). These results showed that PF11
decreased the oxidative stress level in flaps.

Apoptosis is one of the causes of flap necrosis. Therefore, we asked
whether PF11 alleviates apoptosis in skin flaps. First, IHCwas carried
out to assess and examine the expression of a marker of apoptosis,
C-caspase 3. We found that the PF11 group had a lower level of
C-caspase 3 than the control group (Figures 3C,D).Western blotting
assay showed that PF11 treatment downregulated the levels of

C-caspase 3 and Bax (Figures 3F,H). Furthermore, PF11
upregulated the expression of Bcl-2, an anti-apoptosis protein
(Figures 3F,H). Altogether, these results suggested that PF11
inhibited cell death by reducing apoptosis.

PF11 Increased Autophagy Flux in Random
Skin Flaps
To investigate whether PF11 activates autophagy in flaps, the
expression of Beclin1, VPS34, LC3II, p62, and CTSD was
quantified. Beclin1, VPS34, and LC3II are markers of

FIGURE 2 | PF11 enhances angiogenesis in random skin flaps. (A) Immunofluorescence staining for α-SMA labeled microvessels (scale bar: 20 µm). (B)Histogram
showing the percentages of a-SMA positive microvessels in the control and PF11 groups. (C) IHC results showing the Cadherin 5 expression in random skin flaps (scan
bar, 50 μm). (D) A histogram exhibiting the integral absorbance of Cadherin 5. (E) Results of western blotting showing the expression of MMP9, VEGF, Cadherin 5, and
GAPDH. Cropped blots are shown. (F)Histogram showing optical density values of MMP9, VEGF, and Cadherin5 in the control and PF11 group in the flaps. Values
are expressed as means ± SD, n � 6 per Group. *p < 0.05 and **p < 0.01, vs. control group.
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autophagosome formation (Parzych and Klionsky, 2014). CTSD
is a lysosomal acid protease and is involved in proteolytic
degradation (Medina et al., 2015). p62 is a marker for
autophagy flux degraded during the autophagic process (Hill
et al., 2021). Results of immunofluorescence staining showed that
the number of LC3II-positive cells in the PF11 group was higher
than that in the control group (Figures 4A,B). Moreover, IHC
analysis revealed that PF11 enhanced the expression of CTSD
(Figures 4C,D). Finally, western blotting was performed to
measure the expression of Beclin1, VPS34, LC3II, p62, and
CTSD. The results revealed that PF11 group had higher levels
of CTSD, VPS34, Beclin1, and LC3II but a lower level of p62
compared to control group (Figures 4E,F). The results revealed
that the PF11 group had higher levels of VPS34, Beclin1, and
LC3II suggesting that more autophagosomes were formed than in
the control group. Moreover, compared with the control group

the level of P62 was decreased but CTSD expression was elevated
in the PF11 group which indicated that autophagic flux was
progressing smoothly. In conclusion, these findings showed that
PF11 increased autophagy flux in random skin flaps.

3MA Inhibits Autophagy and Reverses the
Positive Effects of PF11 on Skin Flaps
A previous study reported that augmented autophagy in random-
pattern skin flaps models is conducive to enhance angiogenesis
and reduce IRI (Liu et al., 2017). To determine whether the effect
of PF11 on flap survival is mediated by upregulation of
autophagy, we co-administrated 3MA, an autophagy inhibitor,
with PF11. The results of immunofluorescence showed that
among three groups the number of LC3II-positive cells was
highest in PF11 group and lowest in control group (Figures

FIGURE 3 | PF11 reduces oxidative stress and alleviates apoptosis in skin flaps. (A) IHC was performed to assess the level of SOD1 positive cells in skin flaps (scan
bar, 50 μm). (B) The integral absorbance of SOD1 in the dermal layer. (C) The expression of C-caspase3 was evaluated by IHC in Area II of skin flaps (scan bar, 50 μm).
(D) The integral absorbance of C-caspase3 was quantified by Image-Pro Plus. (E,F) Results of western blotting showing the expression of SOD1, eNOS, HO1, Bax, Bcl-
2, and C-caspase3. Cropped blots are shown. (G,H) The optical density values of SOD1, eNOS, HO1, Bax, Bcl-2, and C-caspase3 expression in the flaps. Values
are expressed as means ± SD, n � 6 per Group. *p < 0.05 and **p < 0.01, vs. control group.
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5A,B). Then, IHC analysis revealed that the expression of CTSD
was declined in the PF11 + 3MA group (Figures 5E,F).
Furthermore, western blotting results demonstrated that 3MA
co-treatment decreased the levels of LC3 II, Beclin1, VPS34, and
CTSD but increased the expression of p62, while there was no
significant difference between control and PF11 + 3MA group
(Figures 5C,D). Together, these data indicated that 3MA
effectively inhibited the PF11 induced autophagy.

Next, we examined some indicators of flap viability in PF11
group and PF11 +3MAgroup. In the beginning, digital photographs
revealed the survival/necrosis area. Qualitatively, we found that the
flap survival rate was lower in PF11 + 3MA group than in the PF11
group; meanwhile, the survival area was larger in PF11 + 3MA
group than in the control group though without significance
(Figures 5G,H). Besides, co-treatment with 3MA significantly
decreased the blood flow signal as evidenced from the Laser
Doppler results on 7th POD (Figures 5I,J). Moreover, co-
treatment with 3MA aggravated tissue edema reversed the effect
of PF11 on flaps (Figures 5K,L). At the molecular level,
immunofluorescence showed that the number of were decreased

after co-administrated with 3MA compared with PF11 group while
the α-SMA positive microvessels numbers were higher in the 3MA
group than the Control group which means that 3MA treatment
partly suppressed PF11’s angiogenesis effects (Figures 6A,B).
Likewise, the western blotting analysis further showed that the
angiogenesis-related proteins MMP9, VEGF, and Cadherin 5 were
significantly reduced in PF11 + 3MA group compared with the
PF11 group and the difference between the PF11 + 3MA group and
control group was not statistically significant (Figures 6C,D),
indicating that the pro-angiogenesis effect of PF11 was mediated
by autophagy in the flap model. Similarly, 3MA significantly
decreased the expression of anti-oxidative stress-related proteins
(SOD1, eNOS, and HO1), though the expression of eNOS was still
higher in the PF11 + 3MA group than in the control group,
demonstrating that PF11 induced autophagy alleviated oxidative
stress in skin flaps (Figures 6E,F). Finally, the results of Bax, Bcl-2,
and C-caspase3 expression further indicated that 3MA blocked the
effects of PF11 on apoptosis (Figures 6G,H). To sum up, these
results showed that inhibition of autophagy largely abolished the
benefits of PF11 on skin flaps.

FIGURE 4 | PF11 increased autophagy flux in random skin flaps. (A) Results of immunofluorescence staining for LC3II positive cells in the dermal layer showing the
autophagosomes (red) in cells in Area II of flaps (scale bar: 20 μm). (B) Histogram showing the percentages of LC3II positive cells. (C) IHC results showing the level of
CTSD in the control and PF11 groups (scan bar, 50 μm). (D) The integral absorbance of CTSD protein in the dermal layer. (E,F) Results of western blotting showing the
expression of Beclin1, VPS34, CTSD, p62, and LC3II. Values are expressed as means ± SD, n � 6 per Group. *p < 0.05 and **p < 0.01, vs. control group.

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6675247

Zhou et al. Pseudoginsenoside F11 Promotes Flaps Survival

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


PF11 Augments Autophagy Flux by
Promoting TFEB Nuclear Translocation
Many studies have reported that TFEB regulates autophagy (Pastore
et al., 2020). Here, we determined whether PF11 modulates
autophagy via enhancing TFEB expression in skin flaps.
Qualitative analysis of immunofluorescence images showed that
the PF11 group had much stronger nuclear translocation of TFEB
than the control group (Figures 7A,B). Then western blotting results
of the expressions of cytoplasmic TFEB and nuclear TFEB also
verified the Immunofluorescence results revealed that the level of
nuclear TFEB was upregulated by PF11 treatment (Figures 7C,D).

To further certified that PF11-induced autophagy was mediated
by upregulating TFEB, we injected the TFEB-shRNA AAV vector to
reduce TFEB activity and blank AAV vector as a negative control.
Western blotting results showed the levels of nuclear TFEB were
lower in PF11 + TFEB -shRNA group compared to PF11 and PF11 +
NC-shRNA groups. However, the expression difference of
cytoplasmic TFEB was not statistically significant. (Figures 7E,F).

This implies that TFEB -shRNA effectively inhibited TFEB
expression in skin flaps. Besides, the level of autophagosome-
related proteins VPS34, Beclin1, LC3II, and lysosomal-related
protein CTSD was significantly lower, whereas that of autophagy
flux marker p62 was higher in the TRE + TFEB-shRNA group
compared to the PF11 and PF11 + NC- shRNA groups (Figures
7G,H). Notably, the expression of these proteins was not significantly
different between PF11 and PF11 + NC-shRNA groups (Figures
7G,H). These data suggested that degradation of autophagosomes
was blocked after TFEB was knocked down. Therefore, we could
conclude that PF11may indeed regulate autophagy flux by promoting
TFEB nuclear translocation in random-pattern skin flaps.

PF11 Regulates the AMPK-mTOR Pathway
in Flaps
Past studies have revealed that activation of the AMPK-mTOR
pathway can modulate TFEB nuclear translocation (Bruiners
et al., 2020). To further explore the mechanisms by which

FIGURE 5 | Inhibition of autophagy reverses the positive effects of PF11 on random-pattern skin flap. (A,B) Immunofluorescence staining for LC3II positive cells in
Area II of flaps (scale bar: 20 μm). (B) A histogram showing the percentage of LC3II positive cells. (C,D) Western blotting was performed to assess the expression of
autophagy-related protein Beclin1, VPS34, CTSD, p62, and LC3II. (E,F) IHC results showing the expression of CTSD in the control, PF11, and PF11 + 3MA groups (scan
bar, 50 μm). (G,H)Digital photographs showing the percentage of survival area of the flap on the 7th POD (scale bar, 1 cm). (I,J) The signal intensity of blood flow as
detected by Laser Doppler on the 7th POD (scale bar, 1 cm). (K,L) Photograph exhibiting edema and vascular network on the inner side of the skin flap (scale bar, 1 cm).
Values are expressed as means ± SD, n � 6 per group. *p < 0.05 and **p < 0.01, vs. PF11 group. #p < 0.05 and ##p < 0.01, vs. control group.
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PF11 affected the nuclear translocation of TFEB in the flap, we
examined the AMPK-mTOR signaling pathway. Compound C,
an AMPK blocker, was applied to inhibit AMPK
phosphorylation. Western blotting results indicated that the
expression of p-AMPK and the nuclear translocation of TFEB
were upregulated in PF11-treatment group but were decreased by
compound C (Figures 8A–C). To identify that p-mTOR

(Ser2448) is dephosphorylated via AMPK and not PI3 kinase/
Akt activation, the TSC2 at Ser-1387 and Raptor at Ser-792 was
detected by western blot. The TSC2, a GTPase activating protein,
is a major input from AMPK into the mTORC1 pathway.
Knockdown TSC2 can reverse mTORC1 inhibition upon
AMPK activation (Inoki et al., 2003). Raptor is a binding
protein in the mTORC1 complex, where it regulates the

FIGURE 6 | Inhibition of autophagy abolished the positive effects of PF11 on angiogenesis, apoptosis, oxidative stress in skin flaps. (A,B) Immunofluorescence
staining showed the α-SMA positive microvessels in the control, PF11, and PF11 + 3MA groups (scale bar: 20 µm). (C,D) Western blotting results exhibited the
expression of angiogenesis-related protein MMP9, VEGF, and Cadherin 5. (E,F) Western blotting results exhibited the expression of oxidative stress-related protein
SOD1, HO1, and eNOS in the control, PF11, and PF11 + 3MA groups. (G,H) Western blotting results exhibited the expression of apoptosis-related protein Bax,
Bcl-2, and C-caspase3. Values are expressed as means ± SD, n � 6 per group. *p < 0.05 and **p < 0.01, vs. PF11 group. #p < 0.05 and ##p < 0.01, vs. control group.
#p < 0.05 and ##p < 0.01, vs. control group.
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complex activity. AMPK can phosphorylate Raptor (Ser-792) and
lead to the inhibition of mTORC1 (Hara et al., 2002; Kim et al.,
2002). As shown in Figures 8A,B the expression level of p-TSC2
(Ser-1387) and p-Raptor (Ser-792) were increased in PF11 group
but were decreased in PF11 + Comp C group. We also measured
the level of p-mTOR (Ser2448) and found that PF11 inhibited
mTOR activation and compound C increased the expression level
of p-mTOR (Figures 8A,B). Of note, the expression level of
AMPK, TSC2, mTOR, and cytoplasmic TFEB was not different
between PF11-treated and compound C -treated groups (Figures
8A–C). Finally, treatment with compound C decreased the
expression of Beclin1, LC3II, VPS34, CTSD, and increased the
expression of p62, indicating that compound C inhibited PF11-
induced autophagy (Figures 8D,E). Overall, these results
demonstrated that PF11 promoted nuclear translocation of
TFEB by regulating the AMPK-mTOR pathway in skin flaps.

DISCUSSION

PF11 is a natural compound extracted from the roots and leaves of
Panax quinquefolium (American ginseng) (Wang Z.-J. et al., 2011;
Zhu et al., 2020), It has been reported to confer therapeutic effects in
many diseases. Studies involving cellular and animal models have
reported that PF11 antagonizes the behavioral effects of morphine
in mice (Li et al., 2000), against oxidative stress-induced damage
(Wang et al., 2013), and enhances neuronal activity (Wang Z.-
J. et al., 2011). We, therefore, hypothesized that PF11 may improve
the survival of skin flaps. Our current work showed that PF11
promotes the survival of random skin flaps by augmenting
autophagy, neovascularization, and alleviating oxidative stress
and apoptosis. Furthermore, PF11 induced autophagy by
increasing the nuclear translocation of TFEB through the
AMPK-mTOR signaling pathway in random skin flaps.

FIGURE 7 | PF11 augments autophagy by promoting nuclear translocation of TFEB. (A,B) Immunofluorescence staining for nuclear translocation of TFEB (red) in
cells of flaps in the control and PF11 groups (scale bar, 20 μm). (C,D)Western blotting was performed to assess the expression of cytoplasmic and nuclear TFEB in the
control and PF11 group. (E,F) The level of cytoplasmic and nuclear TFEB in the PF11, PF11 + NC-shRNA, and PF11 + TFEB-shRNA groups were evaluated by western
blotting assay (G,H)Western blotting was used to assess the expression level of p62, Beclin1, VPS34, CTSD, and LC3II in the PF11, PF11 + NC-shRNA, and PF11
+ TFEB-shRNA groups. Cropped blots are shown. Values are expressed as means ± SD, n � 6 per group. *p < 0.05 and **p < 0.01, vs. PF11 group.
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Angiogenesis involves attachment, matrix degradation, migration,
and proliferation processes, which are regulated bymultiple cytokines
and signaling pathways (Lin et al., 2014; Xie and Berger, 2019). VEGF
influences the mitosis of vascular, stimulates the proliferation of
vascular endothelial cells and fibroblasts (Shaw and Collen, 2000).
MMP9 stimulates the migration of endothelial cells and angiogenesis
(Xu et al., 2001). Cadherin 5, on the other hand, promotes the
formation during angiogenesis (Sasaki et al., 2020). The results
showed that VEGF, MMP9, and Cadherin 5 protein levels were
higher in PF11 group compared with control group. Altogether, our
data indicated that PF11 improved the survival of skin flaps partly by
promoting angiogenesis.

After neovascularization and partial restoration of the blood
supply, IRI ensues. IRI disrupts capillaries leading to tissue edema
(Molski et al., 2009; Karasawa et al., 2015). Aggregation of
reactive oxygen species (ROS) triggers flap necrosis (Storz and
Imlay, 1999). Studies have reported that PF11 treatment alleviates

cognitive impairment by suppressing oxidative stress in
d-galactose-treated mice (Zhang et al., 2019). In our study, we
observed that PF11 increased the levels of anti-oxidative stress
related proteins SOD1, HO1, and eNOS in the random skin flaps
implying that PF11 has anti-oxidative stress effects. Reperfusion
triggers the overproduction of ROS which may lead to
mitochondrial dysfunction and apoptosis (Daverey and
Agrawal, 2020; Huang et al., 2020). Inhibition of apoptosis
effectively prevents cell death. Therefore, we measured
apoptosis-related proteins. Bcl-2 is a well-known anti-
apoptosis protein that regulates mitochondrial outer
membrane permeabilization. Bax and C-caspase3 also regulate
apoptosis. In the present work, we found that PF11 upregulated
Bcl-2 expression and downregulated Bax and C-caspase3
expression. These data suggested that PF11 enhanced flap
survival by alleviating IRI-triggered oxidative stress and
inhibiting apoptosis.

FIGURE 8 | PF11 regulates AMPK-mTOR signaling pathway in flaps. (A–C) Western blotting results showed the expression of AMPK-α, p-AMPK-α, TSC2,
p-TSC2, p-Raptor mTOR, p-mTOR, cytoplasmic TFEB, and nuclear TFEB in the control, PF11, and PF11 + CC groups. (D,E) Expression and quantification of LC3II,
p62, VEGF, SOD1, and C-caspase3 in each group. Values are expressed asmeans ± SD, n � 6 per group. *p < 0.05 and **p < 0.01, vs. PF11 group. #p < 0.05 and ##p <
0.01, vs. control group.
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Autophagy degrades intracellular waste materials during nutrient
deficiency (Matsui et al., 2007). Autophagy regulates tissue homeostasis
(Takagi et al., 2007), and previously showed that activation of
autophagy improved the survival of random-pattern skin flaps
(Yuan et al., 2019). PF11 exerted neuroprotective effects during
stroke by augmenting autophagy and restoring autophagy flux
(Yuan et al., 2020). However, there is no study has investigated the
effect of PF11 on autophagy in skin flaps. We, therefore, assessed the
markers of the autophagy-lysosome pathway, LC3, Beclin1, VPS34,
CTSD, and P62, to determine the effect of PF11 on autophagy (Fang
et al., 2020). The results revealed that VPS34, Beclin 1, LC3II, and
CTSD were higher in PF11 group compared to the control group
indicated that PF11 may not only promote autophagosome formation
but also elevated the autophagic flux. Furthermore, the lower
expression of P62 in PF11 group illustrated that the progress of
autophagic degradation was progressing smoothly. In contrast,
treatment with 3MA produces opposite results. Moreover,
treatments with 3MA abolished the pro-angiogenesis, anti-oxidative
stress, and anti-apoptotic of PF11. These results demonstrated that
PF11 improved skin flap survival by regulating autophagy flux.

Evidence indicates that TFEB is a novel positive regulator of
autophagy and lysosome biogenesis (Pastore et al., 2019; Wang Y.-T.
et al., 2019). Activation of TFEB with pharmacological agents has
been shown to confer beneficial effects in various cellular and animal
disease models. For example, TFEB improved the progression of
Parkinson’s disease and liver steatosis. (Ren et al., 2019; Wang et al.,
2020). TFEB also regulates angiogenesis by activating AMPKα and
autophagy in endothelial cells (Fan et al., 2018). Recently, PF11 was
shown to significantly alleviate autophagy flux defects in a cerebral
ischemia injury model by increasing the nuclear translocation of
TFEB (Fu et al., 2021). In our study, we found that PF11 enhanced the
nuclear translocation of TFEB in skin flaps. To further investigate
whether TFEB was involved in the PF11-induced autophagy, we
inhibited TFEB translocation using AAV-TFEB-shRNA. The results
showed that autophagy level was downregulated in PF11 + TFEB-
shRNA group and the therapeutic benefits of PF11 on flap survival
were suppressed. Altogether, these findings indicated that PF11
upregulated autophagy by enhancing nuclear translocation of
TFEB, thereby promoting the survival of random skin flaps.

Further experiments showed that the AMPK signaling pathway
was affected by PF11 treatment. AMPK serves as a fuel-sensing
enzyme in eukaryotic cells (Salt and Hardie, 2017). Increased AMP
to ATP ratio can activate AMPK (Zhang et al., 2017). Activation of
AMPK promotes angiogenesis and increases the supply of nutrients
(Zhu et al., 2019). Moreover, some studies have shown that the
AMPK signaling pathway plays a cardinal role in activating TFEB
(Collodet et al., 2019). Furthermore, regulation of the AMPK-
mTOR signaling pathway induces dephosphorylation of TFEB
and allows TFEB to translocate to the nucleus from the
cytoplasm (Young et al., 2016). As mTORC1 is also negatively
regulated by the AMPK-TSC2/raptor network (Kim et al., 2002).
We detected this pathway-related protein expressions and found
that PF11 did activate AMPK, leading to an increased
phosphorylation of the two substrates p-TSC2 and p-Raptor
leading to an inhibition of mTOR. Our data demonstrated that
PF11 promotes nucleus translocation of TFEB in random-pattern
skin flaps by modulating AMPK-mTOR signaling pathway.

Nevertheless, there are some limitations worth mentioning in this
study. First, our results are based on in vivo experiments and no
in vitro experiments were performed to determine other mechanisms
by which PF11 enhanced the survival of the flaps. Second, compound
C as a well-known AMPK inhibitor was used in this study. However,
it is important to mention that a previous study screening for
specificity of kinases inhibitors demonstrated that compound C
can inhibit several kinases other than AMPK (Bain et al., 2007).
Thus, it is not evident whether these kinases contribute to the nuclear
translocation of TFEB promoted by PF11. Third, 3MA was used in
this study to inhibited autophagy but 3MA does not directly destroy
lysosomes and block autophagy. To better study the role of PF11 in
autophagosome degradation, Chloroquine (disruption of lysosomal
function inhibits autophagy) and bafilomycin A1 (inhibits the fusion
of autophagosomes and lysosomes) should also be used. Moreover,
whether there are other pathways involved in PF11-enhanced TFEB
nuclear translocation requires further investigation. Notwithstanding
these limitations, this study does suggest PF11 benefits for random-
pattern skin flaps, widening the use range of PF11, and presents the
benefits of PF11 and lays the foundation for further research.

CONCLUSION

This study demonstrated that PF11 increases autophagy flux and then
promotes angiogenesis, alleviates oxidative stress, and inhibits
apoptosis in skin flaps. Moreover, we revealed that PF11 increases
the nuclear translocation of TFEB via the AMPK-mTOR signaling
pathway and ultimately induces autophagy. Overall, these results
highlight the therapeutic benefits of PF11 in random-pattern skin flaps.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Research Committee of Wenzhou Medical University.

AUTHOR CONTRIBUTIONS

FZ wrote the manuscript the text. FZ, XZ, and LJ prepared figures
and collected samples. FZ, SL, and YC analyzed data. JW designed
the experiment and revised the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by theWenzhouMunicipal Science and
Technology Bureau (2020Y0959).

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 66752412

Zhou et al. Pseudoginsenoside F11 Promotes Flaps Survival

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


REFERENCES

Bain, J., Plater, L., Elliott, M., Shpiro, N., Hastie, C. J., McLauchlan, H., et al. (2007).
The Selectivity of Protein Kinase Inhibitors: a Further Update. Biochem. J. 408
(3), 297–315. doi:10.1042/bj20070797

Bell, E. S., Coelho, P. P., and Park, M. (2020). LC3C Mediates Selective Autophagy
of the MET RTK, Inhibiting Cancer Cell Invasion. Autophagy 16 (5), 959–961.
doi:10.1080/15548627.2020.1728099

Betin, V. M. S., and Lane, J. D. (2009). Caspase Cleavage of Atg4D Stimulates
GABARAP-L1 Processing and Triggers Mitochondrial Targeting and
Apoptosis. J. Cel Sci. 122 (14), 2554–2566. doi:10.1242/jcs.046250

Bruiners, N., Dutta, N. K., Guerrini, V., Salamon, H., Yamaguchi, K. D.,
Karakousis, P. C., et al. (2020). The Anti-tubercular Activity of Simvastatin
Is Mediated by Cholesterol-Driven Autophagy via the AMPK-mTORC1-TFEB
axis. J. lipid Res. 61 (12), 1617–1628. doi:10.1194/jlr.RA120000895

Chang, C.-H., Yen, M.-C., Liao, S.-H., Hsu, Y.-L., Lai, C.-S., Kuo, Y.-R., et al.
(2017). Dual Role of MiR-21-Mediated Signaling in HUVECs and Rat Surgical
Flap under Normoxia and Hypoxia Condition. Ijms 18 (9), 1917. doi:10.3390/
ijms18091917

Collodet, C., Foretz, M., Deak, M., Bultot, L., Metairon, S., Viollet, B., et al. (2019).
AMPK Promotes Induction of the Tumor Suppressor FLCN through
Activation of TFEB Independently of mTOR. FASEB j. 33 (11),
12374–12391. doi:10.1096/fj.201900841R

Cury, V., Moretti, A. I. S., Assis, L., Bossini, P., de Souza Crusca, J., Neto, C. B., et al.
(2013). Low Level Laser Therapy Increases Angiogenesis in aModel of Ischemic
Skin Flap in Rats Mediated by VEGF, HIF-1α and MMP-2. J. Photochem.
Photobiol. B: Biol. 125, 164–170. doi:10.1016/j.jphotobiol.2013.06.004

Hara, K., Maruki, Y., Long, X., Yoshino, K.-i., Oshiro, N., Hidayat, S., et al. (2002).
Raptor, a Binding Partner of Target of Rapamycin (TOR), Mediates TOR
Action. Cell 110 (2), 177–189. doi:10.1016/s0092-8674(02)00833-4

Daverey, A., and Agrawal, S. K. (2020). Regulation of Prdx6 by Nrf2 Mediated
through aiPLA2 in White Matter Reperfusion Injury. Mol. Neurobiol. 58,
1275–1289. doi:10.1007/s12035-020-02182-z

Ellabban, M. A., Fattah, I. O. A., Kader, G. A., Eldeen, O. S., Mehana, A. E.,
Khodeer, D. M., et al. (2020). The Effects of Sildenafil And/or Nitroglycerin on
Random-Pattern Skin Flaps after Nicotine Application in Rats. Sci. Rep. 10 (1),
3212. doi:10.1038/s41598-020-60128-w

Fan, Y., Lu, H., Liang, W., Garcia-Barrio, M. T., Guo, Y., Zhang, J., et al. (2018).
Endothelial TFEB (Transcription Factor EB) Positively Regulates Postischemic
Angiogenesis. Circ. Res. 122 (7), 945–957. doi:10.1161/circresaha.118.312672

Fang, Y., Ji, L., Zhu, C., Xiao, Y., Zhang, J., Lu, J., et al. (2020). Liraglutide Alleviates
Hepatic Steatosis by Activating the TFEB-Regulated Autophagy-Lysosomal
Pathway. Front. Cel Dev. Biol. 8, 602574. doi:10.3389/fcell.2020.602574

Fu, X., Liu, Y., Zhang, H., Yu, X., Wang, X., Wu, C., et al. (2021).
Pseudoginsenoside F11 Ameliorates the Dysfunction of the Autophagy-
Lysosomal Pathway by Activating Calcineurin-Mediated TFEB Nuclear
Translocation in Neuron during Permanent Cerebral Ischemia. Exp. Neurol.
338 (5), 113598. doi:10.1016/j.expneurol.2021.113598

Hill, D., Cosgarea, I., Reynolds, N., Lovat, P., and Armstrong, J. (2021). Research
Techniques Made Simple: Analysis of Autophagy in the Skin. J. Invest.
Dermatol. 141 (1), 5–9. doi:10.1016/j.jid.2020.10.004

Hou, Y., Yang, D., Zhang, Q., Wang, X., Yang, J., and Wu, C. (2020).
Pseudoginsenoside-F11 Ameliorates Ischemic Neuron Injury by Regulating
the Polarization of Neutrophils and Macrophages In Vitro. Int.
Immunopharmacology 85, 106564. doi:10.1016/j.intimp.2020.106564

Huang, K.-y., Que, J.-q., Hu, Z.-s., Yu, Y.-w., Zhou, Y.-y., Wang, L., et al. (2020).
Metformin Suppresses Inflammation and Apoptosis of Myocardiocytes by
Inhibiting Autophagy in a Model of Ischemia-Reperfusion Injury. Int.
J. Biol. Sci. 16 (14), 2559–2579. doi:10.7150/ijbs.40823

Inoki, K., Zhu, T., and Guan, K.-L. (2003). TSC2 Mediates Cellular Energy
Response to Control Cell Growth and Survival. Cell 115 (5), 577–590.
doi:10.1016/s0092-8674(03)00929-2

Kim, D.-H., Sarbassov, D. D., Ali, S. M., King, J. E., Latek, R. R., Erdjument-
Bromage, H., et al. (2002). mTOR Interacts with Raptor to Form a Nutrient-
Sensitive Complex that Signals to the Cell Growth Machinery. Cell 110 (2),
163–175. doi:10.1016/s0092-8674(02)00808-5

Li, K., Asano, K., Moriyama, S., Ushiki, M., Monya, M., Iida, M., et al. (2015).
Vascular-resident CD169-Positive Monocytes and Macrophages Control
Neutrophil Accumulation in the Kidney with Ischemia-Reperfusion Injury.
Jasn 26 (4), 896–906. doi:10.1681/asn.2014020195

Li, Z., Wu, C. F., Pei, G., Guo, Y. Y., and Li, X. (2000). Antagonistic Effect of
Pseudoginsenoside-F11 on the Behavioral Actions of Morphine in Mice.
Pharmacol. Biochem. Behav. 66 (3), 595–601. doi:10.1016/s0091-3057(00)
00260-4

Lin, J., Lin, R., Li, S., Wu, H., Ding, J., Xiang, G., et al. (2019). Protective Effects of
Resveratrol on Random-Pattern Skin Flap Survival: an Experimental Study.
Am. J. Transl Res. 11 (1), 379–392.

Lin, J., Lin, R., Li, S., Wu, H., Ding, J., Xiang, G., et al. (2018). Salvianolic Acid B
Promotes the Survival of Random-Pattern Skin Flaps in Rats by Inducing
Autophagy. Front. Pharmacol. 9, 1178. doi:10.3389/fphar.2018.01178

Lin, J., Zhou, J., Xu, W., Hong, Z., and Peng, J. (2014). Qianliening Capsule Inhibits
Benign Prostatic Hyperplasia Angiogenesis via the HIF-1α Signaling Pathway.
Exp. Ther. Med. 8 (1), 118–124. doi:10.3892/etm.2014.1723

Lin, R., Chen, H., Li, S., Wang, L., Li, S., Chen, L., et al. (2017). Multifaceted Effects
of Astragaloside IV on Promotion of Random Pattern Skin Flap Survival in
Rats. Am. J. Transl Res. 9 (9), 4161–4172.

Liu, H., Liu, S., Qiu, X., Yang, X., Bao, L., Pu, F., et al. (2020a). Donor MSCs Release
Apoptotic Bodies to Improve Myocardial Infarction via Autophagy Regulation
in Recipient Cells. Autophagy 16 (12), 2140–2155. doi:10.1080/15548627.2020.
1717128

Liu, T., Ma, X., Ouyang, T., Chen, H., Lin, J., Liu, J., et al. (2018). SIRT1 Reverses
Senescence via Enhancing Autophagy and Attenuates Oxidative Stress-Induced
Apoptosis through Promoting P53 Degradation. Int. J. Biol. Macromolecules
117, 225–234. doi:10.1016/j.ijbiomac.2018.05.174

Liu, X., Yuan, X., Liang, G., Zhang, S., Zhang, G., Qin, Y., et al. (2020b). BRG1
Protects the Heart from Acute Myocardial Infarction by Reducing Oxidative
Damage through the Activation of the NRF2/HO1 Signaling Pathway. Free
Radic. Biol. Med. 160, 820–836. doi:10.1016/j.freeradbiomed.2020.09.012

Liu, Y.-Y., Zhang, T.-Y., Xue, X., Liu, D.-M., Zhang, H.-T., Yuan, L.-L., et al. (2017).
Pseudoginsenoside-F11 Attenuates Cerebral Ischemic Injury by Alleviating
Autophagic/lysosomal Defects. CNS Neurosci. Ther. 23 (7), 567–579. doi:10.
1111/cns.12702

Matsui, Y., Takagi, H., Qu, X., Abdellatif, M., Sakoda, H., Asano, T., et al. (2007).
Distinct Roles of Autophagy in the Heart during Ischemia and Reperfusion.
Circ. Res. 100 (6), 914–922. doi:10.1161/01.Res.0000261924.76669.36

Medina, D. L., Di Paola, S., Peluso, I., Armani, A., De Stefani, D., Venditti, R., et al.
(2015). Lysosomal Calcium Signalling Regulates Autophagy through
Calcineurin and TFEB. Nat. Cel Biol 17 (3), 288–299. doi:10.1038/ncb3114

Molski, M., Groth, A., Allison, A. C., Hendrickson, M., and Siemionow, M. (2009).
Diannexin Treatment Decreases Ischemia-Reperfusion Injury at the
Endothelial Cell Level of the Microvascular Bed in Muscle Flaps. Ann. Plast.
Surg. 63 (5), 564–571. doi:10.1097/SAP.0b013e3181935a4e

Mutarelli, H. (2014). The Effect of Platelet-Rich Plasma on Flap Survival in
Random Extension of an Axial Pattern Flap in Rabbits. Plast. Reconstr.
Surg. 133 (1), 69e. doi:10.1097/01.prs.0000436527.70708.07

Park, S., Oh, T., Eom, J., Sun, Y., Suh, H., and Hong, J. (2015). Freestyle Multiple
Propeller Flap Reconstruction (Jigsaw Puzzle Approach) for Complicated Back
Defects. J. Reconstr. Microsurg 31 (4), 261–267. doi:10.1055/s-0034-1395994

Parzych, K. R., and Klionsky, D. J. (2014). An Overview of Autophagy:
Morphology, Mechanism, and Regulation. Antioxid. Redox Signaling 20 (3),
460–473. doi:10.1089/ars.2013.5371

Pastore, N., Huynh, T., Herz, N. J., Calcagni’, A., Klisch, T. J., Brunetti, L., et al.
(2020). TFEB Regulates Murine Liver Cell Fate during Development and
Regeneration. Nat. Commun. 11 (1), 2461. doi:10.1038/s41467-020-16300-x

Pastore, N., Vainshtein, A., Herz, N. J., Huynh, T., Brunetti, L., Klisch, T. J., et al.
(2019). Nutrient-sensitive Transcription Factors TFEB and TFE 3 Couple
Autophagy and Metabolism to the Peripheral Clock. Embo J. 38 (12).
doi:10.15252/embj.2018101347

Ren, H., Wang, D., Zhang, L., Kang, X., Li, Y., Zhou, X., et al. (2019). Catalpol
Induces Autophagy and Attenuates Liver Steatosis in Ob/ob and High-Fat Diet-
Induced Obese Mice. Aging 11 (21), 9461–9477. doi:10.18632/aging.102396

Salt, I. P., and Hardie, D. G. (2017). AMP-activated Protein Kinase. Circ. Res. 120
(11), 1825–1841. doi:10.1161/circresaha.117.309633

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 66752413

Zhou et al. Pseudoginsenoside F11 Promotes Flaps Survival

https://doi.org/10.1042/bj20070797
https://doi.org/10.1080/15548627.2020.1728099
https://doi.org/10.1242/jcs.046250
https://doi.org/10.1194/jlr.RA120000895
https://doi.org/10.3390/ijms18091917
https://doi.org/10.3390/ijms18091917
https://doi.org/10.1096/fj.201900841R
https://doi.org/10.1016/j.jphotobiol.2013.06.004
https://doi.org/10.1016/s0092-8674(02)00833-4
https://doi.org/10.1007/s12035-020-02182-z
https://doi.org/10.1038/s41598-020-60128-w
https://doi.org/10.1161/circresaha.118.312672
https://doi.org/10.3389/fcell.2020.602574
https://doi.org/10.1016/j.expneurol.2021.113598
https://doi.org/10.1016/j.jid.2020.10.004
https://doi.org/10.1016/j.intimp.2020.106564
https://doi.org/10.7150/ijbs.40823
https://doi.org/10.1016/s0092-8674(03)00929-2
https://doi.org/10.1016/s0092-8674(02)00808-5
https://doi.org/10.1681/asn.2014020195
https://doi.org/10.1016/s0091-3057(00)00260-4
https://doi.org/10.1016/s0091-3057(00)00260-4
https://doi.org/10.3389/fphar.2018.01178
https://doi.org/10.3892/etm.2014.1723
https://doi.org/10.1080/15548627.2020.1717128
https://doi.org/10.1080/15548627.2020.1717128
https://doi.org/10.1016/j.ijbiomac.2018.05.174
https://doi.org/10.1016/j.freeradbiomed.2020.09.012
https://doi.org/10.1111/cns.12702
https://doi.org/10.1111/cns.12702
https://doi.org/10.1161/01.Res.0000261924.76669.36
https://doi.org/10.1038/ncb3114
https://doi.org/10.1097/SAP.0b013e3181935a4e
https://doi.org/10.1097/01.prs.0000436527.70708.07
https://doi.org/10.1055/s-0034-1395994
https://doi.org/10.1089/ars.2013.5371
https://doi.org/10.1038/s41467-020-16300-x
https://doi.org/10.15252/embj.2018101347
https://doi.org/10.18632/aging.102396
https://doi.org/10.1161/circresaha.117.309633
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Sasaki, J. I., Zhang, Z., Oh, M., Pobocik, A. M., Imazato, S., Shi, S., et al. (2020). VE-
cadherin and Anastomosis of Blood Vessels Formed by Dental Stem Cells.
J. Dent Res. 99 (4), 437–445. doi:10.1177/0022034520902458

Shaw, P., and Collen, D. (2000). Molecular Basis of Angiogenesis: Role of VEGF
and VE-Cadherin. Ann. N Y Acad. Sci. 902, 249–264. doi:10.1111/j.1749-6632.
2000.tb06320.x

Song, L., Xu, M.-B., Zhou, X.-L., Zhang, D.-p., Zhang, S.-l., and Zheng, G.-q.
(2017). A Preclinical Systematic Review of Ginsenoside-Rg1 in Experimental
Parkinson’s Disease. Oxidative Med. Cell Longevity 2017, 1–14. doi:10.1155/
2017/21630532017

Storz, G., and Imlayt, J. A. (1999). Oxidative Stress. Curr. Opin. Microbiol. 2 (2),
188–194. doi:10.1002/9780470774663.ch510.1016/s1369-5274(99)80033-210.
1016/s1369-5274(99)80033-2

Takagi, H., Matsui, Y., Hirotani, S., Sakoda, H., Asano, T., and Sadoshima, J. (2007).
AMPKMediates Autophagy during Myocardial Ischemia In Vivo. Autophagy 3
(4), 405–407. doi:10.4161/auto.4281

Wang, C.-M., Liu, M.-Y., Wang, F., Wei, M.-J., Wang, S., Wu, C.-F., et al. (2013). Anti-
amnesic Effect of Pseudoginsenoside-F11 in Two Mouse Models of Alzheimer’s
Disease. Pharmacol. Biochem. Behav. 106, 57–67. doi:10.1016/j.pbb.2013.03.010

Wang, P., Hou, Y., Zhang, W., Zhang, H., Che, X., Gao, Y., et al. (2019).
Pseudoginsenoside-F11 Attenuates Lipopolysaccharide-Induced Acute Lung
Injury by Suppressing Neutrophil Infiltration and Accelerating Neutrophil
Clearance. Inflammation 42 (5), 1857–1868. doi:10.1007/s10753-019-01047-5

Wang, W. Z., Baynosa, R. C., and Zamboni, W. A. (2011). Update on Ischemia-
Reperfusion Injury for the Plastic Surgeon. Plast. Reconstr. Surg. 128 (6),
685e–692e. doi:10.1097/PRS.0b013e318230c57b

Wang, X., Wang, C., Wang, J., Zhao, S., Zhang, K., Wang, J., et al. (2014).
Pseudoginsenoside-F11 (PF11) Exerts Anti-neuroinflammatory Effects on
LPS-Activated Microglial Cells by Inhibiting TLR4-Mediated TAK1/IKK/
NF-κB, MAPKs and Akt Signaling Pathways. Neuropharmacology 79 (5),
642–656. doi:10.1016/j.neuropharm.2014.01.022

Wang, Y.-T., Li, X., Chen, J., McConnell, B. K., Chen, L., Li, P.-L., et al. (2019).
Activation of TFEB Ameliorates Dedifferentiation of Arterial Smooth Muscle
Cells and Neointima Formation in Mice with High-Fat Diet. Cell Death Dis 10
(9), 676. doi:10.1038/s41419-019-1931-4

Wang, Z.-J., Sun, L., Peng, W., Ma, S., Zhu, C., Fu, F., et al. (2011). Ginseng
Derivative Ocotillol Enhances Neuronal Activity through Increased Glutamate
Release: a Possible Mechanism Underlying Increased Spontaneous Locomotor
Activity ofMice.Neuroscience 195, 1–8. doi:10.1016/j.neuroscience.2011.08.002

Wang, Z., Yang, C., Liu, J., Zhu, B., Malampati, S., Cheung, K.-H., et al. (2020). A
Curcumin Derivative Activates TFEB and Protects against Parkinsonian
Neurotoxicity In Vitro. Ijms 21 (4), 1515. doi:10.3390/ijms21041515

Wu, H., Chen, H., Zheng, Z., Li, J., Ding, J., Huang, Z., et al. (2019). Trehalose Promotes
the Survival of Random-Pattern Skin Flaps by TFEB Mediated Autophagy
Enhancement. Cel Death Dis 10 (7), 483. doi:10.1038/s41419-019-1704-0

Xie, Y., Mansouri, M., Rizk, A., and Berger, P. (2019). Regulation of VEGFR2
Trafficking and Signaling by Rab GTPase-Activating Proteins. Sci. Rep. 9 (1),
13342. doi:10.1038/s41598-019-49646-4

Xu, J., Rodriguez, D., Petitclerc, E., Kim, J. J., Hangai, M., Yuen, S. M., et al. (2001).
Proteolytic Exposure of a Cryptic Site within Collagen Type IV Is Required for

Angiogenesis and Tumor Growth In Vivo. J. Cel Biol. 154 (5), 1069–1080.
doi:10.1083/jcb.200103111

Young, N. P., Kamireddy, A., Van Nostrand, J. L., Eichner, L. J., Shokhirev, M. N.,
Dayn, Y., et al. (2016). AMPK Governs Lineage Specification through Tfeb-
dependent Regulation of Lysosomes. Genes Dev. 30 (5), 535–552. doi:10.1101/
gad.274142.115

Yu, L., and Liu, H. (2018). Perillaldehyde Prevents the Formations of
Atherosclerotic Plaques through Recoupling Endothelial Nitric Oxide
Synthase. J. Cel Biochem 119 (12), 10204–10215. doi:10.1002/jcb.27362

Yu, Y.-D., Zhang, Y.-Z., Bi, W.-D., andWu, T. (2013). Functional Sensory Function
Recovery of Random-Pattern Abdominal Skin Flap in the Repair of Fingertip
Skin Defects. Exp. Ther. Med. 5 (3), 830–834. doi:10.3892/etm.2012.877

Yuan, H., Ding, J., Li, S., Lin, J., Jiang, R., Lin, C., et al. (2019). Metformin Promotes
the Survival of Random-Pattern Skin Flaps by Inducing Autophagy via the
AMPK-mTOR-TFEB Signaling Pathway. Int. J. Biol. Sci. 15 (2), 325–340.
doi:10.7150/ijbs.29009

Yuan, L., Sun, S., Pan, X., Zheng, L., Li, Y., Yang, J., et al. (2020).
Pseudoginsenoside-F11 Improves Long-Term Neurological Function and
Promotes Neurogenesis after Transient Cerebral Ischemia in Mice.
Neurochem. Int. 133, 104586. doi:10.1016/j.neuint.2019.104586

Zhang, C.-S., Hawley, S. A., Zong, Y., Li, M., Gray, A., Ma, T., et al. (2017).
Fructose-1,6-bisphosphate and Aldolase Mediate Glucose Sensing by AMPK.
Nature 548 (7665), 112–116. doi:10.1038/nature23275

Zhang, Z., Yang, H., Yang, J., Xie, J., Xu, J., Liu, C., et al. (2019). Pseudoginsenoside-
F11 Attenuates Cognitive Impairment by Ameliorating Oxidative Stress and
Neuroinflammation in D-galactose-T-reated M-ice. Int. immunopharmacology
67, 78–86. doi:10.1016/j.intimp.2018.11.026

Zhou, K., Chen, H., Lin, J., Xu, H., Wu, H., Bao, G., et al. (2019). FGF21 Augments
Autophagy in Random-Pattern Skin Flaps via AMPK Signaling Pathways and
Improves Tissue Survival. Cel Death Dis 10 (12), 872. doi:10.1038/s41419-019-
2105-0

Zhu, L., Hou, X.-j., Che, X.-h., Zhou, T.-s., Liu, X.-q., Wu, C.-f., et al. (2020).
Pseudoginsenoside-F11 Attenuates Cognitive Dysfunction and Tau
Phosphorylation in Sporadic Alzheimer’s Disease Rat Model. Acta
Pharmacol. Sin 10, 872–888. doi:10.1038/s41401-020-00562-8

Zhu, Y., Sun, S., Zou, Z., Ying, Y., and Luo, L. Z. J. (2019). Dual Roles of the AMP-
Activated Protein Kinase Pathway in Angiogenesis. Cells 8 (7), 752. doi:10.3390/
cells8070752

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Zhou, Zhang, Jiang, Li, Chen and Wu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 66752414

Zhou et al. Pseudoginsenoside F11 Promotes Flaps Survival

https://doi.org/10.1177/0022034520902458
https://doi.org/10.1111/j.1749-6632.2000.tb06320.x
https://doi.org/10.1111/j.1749-6632.2000.tb06320.x
https://doi.org/10.1155/2017/2163053
https://doi.org/10.1155/2017/2163053
https://doi.org/10.1002/9780470774663.ch510.1016/s1369-5274(99)80033-210.1016/s1369-5274(99)80033-2
https://doi.org/10.1002/9780470774663.ch510.1016/s1369-5274(99)80033-210.1016/s1369-5274(99)80033-2
https://doi.org/10.4161/auto.4281
https://doi.org/10.1016/j.pbb.2013.03.010
https://doi.org/10.1007/s10753-019-01047-5
https://doi.org/10.1097/PRS.0b013e318230c57b
https://doi.org/10.1016/j.neuropharm.2014.01.022
https://doi.org/10.1038/s41419-019-1931-4
https://doi.org/10.1016/j.neuroscience.2011.08.002
https://doi.org/10.3390/ijms21041515
https://doi.org/10.1038/s41419-019-1704-0
https://doi.org/10.1038/s41598-019-49646-4
https://doi.org/10.1083/jcb.200103111
https://doi.org/10.1101/gad.274142.115
https://doi.org/10.1101/gad.274142.115
https://doi.org/10.1002/jcb.27362
https://doi.org/10.3892/etm.2012.877
https://doi.org/10.7150/ijbs.29009
https://doi.org/10.1016/j.neuint.2019.104586
https://doi.org/10.1038/nature23275
https://doi.org/10.1016/j.intimp.2018.11.026
https://doi.org/10.1038/s41419-019-2105-0
https://doi.org/10.1038/s41419-019-2105-0
https://doi.org/10.1038/s41401-020-00562-8
https://doi.org/10.3390/cells8070752
https://doi.org/10.3390/cells8070752
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Pseudoginsenoside F11 Enhances the Viability of Random-Pattern Skin Flaps by Promoting TFEB Nuclear Translocation Through A ...
	Introduction
	Materials and Methods
	Animals
	Reagents and Antibodies
	Establishment of Animal Models Flaps
	Group Assignment and Treatment Protocols
	Assessment of Flap Survival and Tissue Edema
	Hematoxylin and Eosin Staining and Immunohistochemistry
	Immunofluorescence
	Laser Doppler Perfusion Image
	Western Blotting Analysis
	Statistical Analyses

	Results
	PF11 Promotes the Survival of Random Skin Flaps
	PF11 Enhances Angiogenesis in Skin Flaps
	PF11 Reduces Oxidative Stress and Alleviates Apoptosis in Flaps
	PF11 Increased Autophagy Flux in Random Skin Flaps
	3MA Inhibits Autophagy and Reverses the Positive Effects of PF11 on Skin Flaps
	PF11 Augments Autophagy Flux by Promoting TFEB Nuclear Translocation
	PF11 Regulates the AMPK-mTOR Pathway in Flaps

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


