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Background: Multi-territory perforator flaps are a reconstructive measure for repairing
large soft tissue defects caused by tumors or trauma. However, the use of these flaps in
clinical practice has been restricted due to the uncertain blood supply. Therefore,
promoting the survival of the multi-territory perforator flap is critical for clinical repair
and reconstruction. In our study, we explored the effects of melatonin (MLT) on multi-
territory perforator flaps and the possible molecular mechanisms.

Materials andMethods: Seventy-two Sprague–Dawley rats (250–300 g) were randomly
divided into 3 groups (n = 24): Control, MLT and MLT +ML385 groups. First, we assessed
the survival area of the flap, followed by the micro-vessel density and CD31-positive vessel
expression. Apoptosis of the skin flap under immunofluorescence and expression of the
apoptosis-related proteins Bcl-2, Bax and Caspase3 were measured. Additionally,
angiogenesis of the skin flaps was shown by angiography, and NRF2 and FUNDC1
mRNA and protein expression was detected by real-time PCR and western blotting.

Results: The results showed that MLT increased the survival area of the multi-territory
perforator flap, which was related to increased angiogenesis and decreased apoptosis.
We also found that mRNA and protein of NRF2 and FUNDC1 levels were significantly
increased after MLT treatment, and an NRF2 inhibitor reversed the ability of MLT to
enhance multi-territory perforator flap survival, promote angiogenesis and inhibit apoptosis
and reduced FUNDC1 protein expression.

Conclusion:MLT promoted angiogenesis and inhibited apoptosis to promote the survival
of multi-territory perforator flaps, which may be regulated via the NRF2/FUNDC1 axis.
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1 INTRODUCTION

Multi-territory perforator flaps are regarded as an effective
reconstruction measure for large soft tissue defects caused by
trauma or tumors (Mokdad et al., 2016; Zhang et al., 2016; Qing
et al., 2017; Luo et al., 2019; Qing et al., 2019). However, the
uncertainty blood supply of multi-territory perforator flaps can
lead to 5.9 to 22 percent rate of flap necrosis. (Okşar et al., 2001;
Chang et al., 2004; Bigdeli et al., 2020; Salibian et al., 2021), and
which can result in longer hospital stays, second operation, and
more treatment cost (Tang et al., 2013; Qing et al., 2015). Hence,
improving the survival of multi-territory flaps has vital clinical
significance. In the past, the main way to harvest a multi-
territory perforator flap was through the “delay flap”
technique (Callegari et al., 1992; Coşkunfirat et al., 2000;
Acartürk et al., 2015). However, due to the limitation of the
perforator vessel, it was difficult to harvest sufficient tissue for
the traditional multi-territory perforator flap to repair large soft
tissue defects. Nowadays, researcher (Okşar et al., 2001; Chang
et al., 2004; Hallock and Rice 2005; Luo et al., 2021) have
reported the method of arterial supercharging and venous
superdrainage. Wu et al. (Wu et al., 2021)have reported a
flap of distal arterialized venous supercharging, which also
could alleviate distal ischemia and improve flap survival in
rats. While microsurgeons need anastomose additional blood
vessels and cost more time, even though, the distal portion of
perforator flaps often lacks suitable caliber vessels for
anastomosis. As a result, we need to explore simple and
effective methods to promote the survival of multi-territory
flaps. Based on the concept of the angiosome proposed by
Taylor in 1986, choke vessels are bridges connecting adjacent
angiosomes (Taylor and Palmer 1987). Previous studies have
demonstrated that inducing choke vessels to “true anastomosis”
could improve the survival of the flap area (Taylor and Palmer
1987; Schaverien et al., 2009; Taylor et al., 2013). Stalder et al.
(Stadler et al., 2016) proposed that remodeling of choke vessels
is closely related to the angiogenesis of multi-territory
perforator flaps. Additionally, the regulation of apoptosis
plays a significantly critical role in the survival areas of
multi-territory perforator flaps (Lin et al., 2019; Jiang J. et al.,
2021; Bali et al., 2021; Kim et al., 2021). As a result, apoptosis
and angiogenesis might transform vessel remodeling, which
could promote flap survival. However, the molecular
mechanism by which flap survival is enhanced is unclear.

Melatonin (MLT) is one of the hormones secreted by the
conarium and has antioxidant stress and anti-inflammatory
effects (Reiter et al., 2014; Carrascal et al., 2018). Furthermore,
MLT has neuroendocrine and immunoregulatory activity
(Lochner et al., 2018). Studies have shown that MLT has a
protective effect against ischemia–reperfusion injury in various
organs (Yeung et al., 2015; Gou et al., 2020). Furthermore,
researchers have confirmed that MLT can promote
angiogenesis in gastric ulcers, skin lesions and some
physiologic processes (Gurlek et al., 2004; Kerem et al., 2014;
Ma Q. et al., 2020). It has been proven that MLT has a protective
effect on osteoarthritis, myocardial ischemia reperfusion and
Parkinson’s disease by inhibiting apoptosis signaling pathways

and antioxidant stress (Fernández et al., 2015; Hosseinzadeh
et al., 2016; Chang et al., 2018; Tamtaji et al., 2020). As
mentioned previously, flap survival was thought to be closely
related to angiogenesis and apoptosis. Since MLT has
antioxidative stress properties, it has been studied to reduce
avascular necrosis in random skin flaps (Gurlek et al., 2004;
Kerem et al., 2014). However, researchers have not focused on the
effect and molecular mechanism of MLT on multi-territory
skin flaps.

Therefore, we hypothesized that MLT could improve the
survival of multi-territory perforator flaps through
angiogenesis and by suppressing apoptosis. Therefore, this
article investigates whether MLT promotes the survival of
multi-territory perforator flaps and explores the related
molecular mechanism.

2 MATERIALS AND METHODS

2.1 Ethics Statement
All operations and surgical procedures were performed in
accordance with the guidelines of the China Council of
Animal Care and the approval of the Laboratory Animal
Committee of Central South University.

2.2 Animal Experiments
Seventy-two Sprague–Dawley rats (250–300 g) were purchased
from the Department of Laboratory Animals, Central South
University, and divided randomly into three groups: a control
group (n = 24), an MLT treatment group (n = 24), and an MLT +
ML385 ((inhibitor of nuclear factor E2-related factor 2 (NRF2))
cotreatment group (n = 24). The rats were housed in the
Department of Laboratory Animals, Central South University
(Changsha, Hunan, China) and provided free access to food
and water.

2.3 Flap Animal Model
Amulti-territory perforator flap model was used according to our
previous study (Qing et al., 2019). In short, the rats were
anesthetized with pentobarbital sodium anesthesia (30 mg/kg,
intraperitoneal). The flap was raised by sharp dissection in the
plane between the panniculus carnosus and the deep fascia. On
the dorsal side of each rat, an 11 cm × 3 cm multi-territory
perforator flap area containing the iliolumbar vessel territory
(area I), intercostal vessels territory (area II) and thoracodorsal
vessels territory (area III) was designed. Then, iliolumbar vessels
of the flap were used as a single vessel pedicle of multi-territory
perforator flap by ligaturing the intercostal vessels and
thoracodorsal vessels.

2.4 Drug Administration
The MLT group was injected with 40 mg/kg MLT
(MedChemExpress, New Jersey, United States)
intraperitoneally within 7 days after surgery (Gurlek et al.,
2004; Venegas et al., 2012; Kerem et al., 2014). The control
group was treated with an equal concentration of saline.
Additionally, in the MLT and ML385 (MedChemExpress, New
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Jersey, United States) cotreatment group, the rats were injected
with 40 mg/kg MLT and 30 mg/kg ML385 (Gou et al., 2020).

2.5 Flap Survival Evaluation
The flap was photographed and analyzed by digital imaging. We
used Photoshop 7.0 software to assess the necrotic area of the flap
7 days post-operation. Flap necrosis is identified as dark areas or
scarring of flap. Finally, the necrotic area was used to calculate the
survival percentage of each flap area.

2.6 Infrared Detector
An infrared detector was used to analyze the blood flow
temperature of the flaps in each group within 7 days after
surgery. The area of the flap with a temperature less than 2°C
was considered necrotic (Herrberger et al., 1989), and the survival
percentage of each flap area was determined.

2.7 Histological Analysis
All the tissue samples were obtained from area II 7 days post-
operation and then fixed with 4% paraformaldehyde for 1 day.
The tissue was dehydrated and embedded in paraffin wax.
Subsequently, the specimens were cut into 4 μm thick sections
and stained with hematoxylin and eosin (H&E). Under a
microscope (×40 magnification), we counted the microvessels
of six arbitrary fields per section and calculated the mean vessel
density (MVD) per unit area.

2.8 Immunohistochemistry
The skin flap from area II 7 days post-operation was fixed with
4% paraformaldehyde before embedding in paraffin wax. Six
parts of each section were dewaxed in xylene, rehydrated
through a graded set of ethanol baths, and then washed three
times with PBS. Subsequently, the section was blocked with 3%
hydrogen peroxide before repair in 10.2 mM sodium citrate
buffer. After exposure to an antibody against CD31 (1:100,
Affinity Bioscience, United States) overnight, followed by
staining with PBS, the sections were exposed to an HRP-
conjugated secondary antibody and counterstained with
hematoxylin. We used Image-Pro Plus software to calculate
absorption values that indicated CD31 expression, followed by
immunohistochemistry (IHC) statistical calculation.

2.9 RT and Q-PCR
After surgery 7 days, we extracted the total RNA of the skin flap
from area II using TRIzol reagent (Vazyme, Nanjing,China) and
performed quantification using reverse transcription (RT) and
polymerase chain reaction (PCR) with HiScript® III RT SuperMix
for qPCR (Vazyme, Nanjing,China). RT and qPCR were carried
out with 1 µg of RNA and 4 µL of 4×gDNA wiper Mix remover in
a total volume of 16 µL. The reactions were performed in a
Thermo ProFlex PCR system (Applied Biosystems, United
States) for 2 min at 42°C. Then, 4 µL 5×HiScript II qRT
SuperMix II was transferred to a total volume of 20 µL. The
reactions were similar to the former for 15 min at 50°C and 5 s at
85°C. The RT-PCR mix was diluted in nuclease-free water and
stored at −20°C. Real-time PCR was performed using a
LightCycler® 480 II real-time PCR instrument (Roche,

Switzerland) in a 20 μL PCR mixture containing 5 μL of
cDNA, 10 μL of 2 × ChamQ universal SYBR qPCR Master
Mix, 0.4 μL of forward primer, 0.4 μL of reverse primer, and
4.2 μL of nuclease-free water. The samples were incubated in a 96-
well optical plate reader (Roche, Switzerland) at 95°C for 30 s,
followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. Each
sample was assayed in triplicate. At the end of the qPCR program,
melting curve analysis was performed to validate the specific
generation of expected qPCR products. The primer sequences
were designed in the laboratory and synthesized by TsingKe
Biotech based on the mRNA sequences obtained from the NCBI
database as follows: NRF2, 5′- GGAGCAATTCAACGAAGCTC-
3′ (forward) and 5′-AAGTTGCCGCTCAGAACTGT-3′
(reverse); FUN14 domain-containing protein 1 (FUNDC1), 5′-
TGGTGTGCAGGATTTTTATTCCA-3′ (forward) and 5′-AAC
TCTCTTCCAGTCGATCTGT-3′ (reverse); VEGF, 5′-
CAGAAGAACTT.

TTGGGCCGT-3′ (forward) and 5′-ACTGTCCTGTGGTGA
CTTGT-3′ (reverse); and β-actin 5′-GCTCGTCGTCGACAA
CGGCTC-3′ (forward) and 5′-CAAACATGATCTGGGTCA
TCTTCTC-3′ (reverse). β-Actin expression was used as an
internal control using the 2−ΔΔCt method to evaluate the
expression level of the target gene.

2.10 Western Blotting
We extracted the protein from area II of every rat within 7 days after
surgery and determined the protein concentration with the BCA
method. Equivalent amounts of protein (30 µg per sample) were
separated by gel electrophoresis and transferred to PVDFmembranes.
According to the molecular weight, the PVDF membranes were
tailored to the target protein band. Next, the membranes were
blocked in 5% skim milk at room temperature for 2 h and
exposed to primary antibodies at 4°C overnight as follows:
NRF2(1:1,000,Immunoway, California, United States),FUNDC1 (1:
1,000, Immunoway, California, United States), VEGF (1:1,000,
Immunoway, California, United States),BCL-2 (1:1,000,
Immunoway, California, United States), Bax (1:1,000, Immunoway,
California, United States),β-actin (1:5,000, Immunoway, California,
United States),Caspase3 (1:2000,Abcam, Cambridge,
United Kingdom) and α-tubulin (1:10,000,Abcam, Cambridge,
United Kingdom). All antibodies are rabbit anti-rat IgG. Then, the
membranes were washed with TBST and exposed to HRP-conjugated
secondary antibodies (Affinity Bioscience, United States) for 2 h at
room temperature. We used ECL to image bands with an imaging
system (Bio–Rad, United States), and final protein quantification was
performed with Image Lab (Bio–Rad, United States).

2.11 Immunofluorescence
Tissue of area II was fixed with 4% paraformaldehyde within 7 days
after surgery, paraffin-embedded tissues were sectioned. Following
three washes, the sections were incubated overnight with TUNEL (1:
100, Invitrogen, Carlsbad, CA, United States) primary antibody at 4°C
and then with secondary antibody for 1 h at room temperature.
Subsequently, five areas of the stained sections were randomly
selected for counting and observed with a Leica inverted
microscope (Leica, Germany). The numbers of TUNEL-positive
cell areas were analyzed by ImageJ software (Media Cybernetics).
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2.12 Angiography
Five rats in each group underwent angiography 7 days post-
operation. In summary, 5 g of gelatin was added to 100ml of
normal saline and dissolved at 40°C. Then, 80mg of water-
soluble red lead oxide was added to the former. The mixture was
injected into the carotid artery of the rats until the limbs of the rats
reddened. Next, the flapswere fixed for 24 h at 4°C and radiographed
(55 kVp, 25mA, 20 s exposure) with an X-ray machine (Fuji
Computerized Radiography XG-1; Fujifilm, Tokyo, Japan).

2.13 Statistical Analysis
All statistical analyses were performed using SPSS 19.0 software
(SPSS, IL, United States). The data are presented as the mean ±
SEM. Statistically significant differences among the groups were
assessed using Student’s t tests or one-way ANOVA, and p values
<0.05 were considered statistically significant.

3 RESULTS

3.1 Melatonin Promotes Skin Flap Survival
All the rats survived the operation. The skin flap had a clear
boundary between the normal and necrotic tissue, and the necrosis,
which appeared dry and dark, was far from the area of the vessel
pedicle. The percentages of skin flap survival between the control
group and MLT group are shown in Figure 1A. The mean
surviving areas were 85.334 ± 1.256% and 64.502 ± 1.232% in
the MLT treatment and control groups, respectively (Figure 1B;
p < 0.001). Moreover, infrared detection was used to analyze the

blood flow temperature of the flaps in the two groups, and areas of
the flaps with a temperature less than 2°C were considered necrotic.
The flap survival area percentages were 92.843 ± 0.820% and
80.430 ± 0.960% in the MLT treatment and control groups,
respectively (Figures 1C,D; p < 0.001). The results showed that
the skin flap survival of the MLT group was higher than that of the
control group. In other words, MLT promotes skin flap survival.

3.2 Melatonin Promotes Angiogenesis of
Skin Flaps
To explore howMLT promotes skin flap survival, we carried out a
histological examination. H&E staining revealed that
angiogenesis was higher in the MLT group than in the control
group. By randomly counting the vessel numbers of each group,
the mean vessel densities of the two groups were 17.333 ± 3.180/
mm2 and 32.000 ± 2.646/mm2 (Figures 2A,B; p < 0.05). CD31 is
regarded as a marker of vessel endothelial cells, and
immunohistochemical experiments were performed on tissue
taken from area II. The results showed that the number of
CD31-positive vessels in the MLT group was significantly
higher than that in the control group. The numbers of CD31-
positive vessels in the two groups were 16.167 ± 1.046/(1/4 mm2)
and 7.167 ± 0.703 (1/4 mm2), respectively (Figures 2C,D; p <
0.001). In addition, angiograph revealed more choke vessels
dilation in chokeII after MLT treatment. Additionally, vascular
endothelial growth factor (VEGF) is considered to play the most
important role in increasing angiogenesis and promoting vascular
remodeling. Therefore, we determined the expression level of

FIGURE 1 |MLT improved multiterritory perforator flap survival and reduced multiterritory perforator flap necrosis. (A) Images of the skin flaps taken 7 days post-
operation. The red pane is the area of flap necrosis we marked. Scale bar: 1 cm (B) Percentage of survival area of flap. Significant differences between the groups are
indicated by **p < 0.001.(C) Images of the skin flaps taken by infrared detector. (D) Skin flap survival rate calculated by flap blood flow temperature. Values are the
mean ± SEM, n = 6 per group. Significant differences between the groups are indicated by **p < 0.001. AbbreviationsMLT, melatonin.
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VEGF, and the results revealed that the expression of VEGF was
upregulated both at the mRNA and protein levels (Figures
2F–H). The multi-territory flap was supplied by the single
vascular pedicle, which supplied blood to the distal shaft type;
therefore, the farther away from the pedicle, the less angiogenesis
the flap had. Based on these data, we speculate that MLT
promotes angiogenesis in the choke area.

3.3Melatonin Inhibits Apoptosis During Flap
Necrosis and Changes the Expression of
Apoptosis-Related Proteins
To explore the effect of MLT on apoptosis, apoptotic cells were
detected by TUNEL staining, the apoptosis-related proteins Bcl-
2, Bax and apoptosis-initiating protein Caspase3 were assessed by
western blotting. The results are shown in Figure 3A. The MLT
group exhibited fewer TUNEL-positive cells, and the TUNEL-
positive cells of the two groups were 9.667 ± 0.333 (1/4 mm2) and
3.833 ± 0.401 (1/4 mm2), respectively (Figure 3B). Western
blotting analysis showed that the expression of the
proapoptotic protein BCL-2 was upregulated while the
antiapoptotic protein Bax was downregulated after MLT
treatment (Figures 3C,D). In addition, expression of
apoptosis-initiating protein Caspase3 was downregulated after
MLT treatment (Figures 3E,F). Thus, we concluded that MLT
could inhibit apoptosis to reduce flap necrosis and change the
expression of apoptosis-related proteins.

3.4 Melatonin Alters the Expression Levels
of NRF2 and FUNDC1
Based on a previous study (Fernández et al., 2015; Zhai et al., 2017;
Ma Q. et al., 2020), we speculated that MTL could enhance the
survival of multi-territory perforator flaps by inducing angiogenesis
and suppressing apoptosis. However, further research is needed on
the mechanism associated with actions of MLT. NRF2 and
FUNDC1 are closely related to angiogenesis and apoptosis
(Wang et al., 2018; Wang et al., 2019; Ma H. et al., 2020; Wang
et al., 2021). By detecting the mRNA expression of NRF2 and
FUNDC1, as shown in Figures 4A,B, the mRNA expression in the
MLT group was higher than that in the control group on days 1, 3,
and 7 post-operations. Additionally, protein expression of NRF2 and
FUNDC1 significantly increased (Figures 4C–E). Those results
suggested that MLT can promote the survival of multi-territory
flaps and change the correlation factor levels of NRF2 and FUNDC1.

3.5 Melatonin Improves the Survival of
Multi-Territory Perforator Flaps by Inducing
Angiogenesis and Suppressing Apoptosis
via NRF2 Activation
Hence, to explore the mechanism by which MLT mediates
protection via NRF2, the rats were divided into three groups: the
control group, MLT group, and MLT + ML385 cotreatment group.
As shown in Figure 5A, inhibition of NRF2 activity reversed the
positive effect of MLT on the area of flap survival. The mean

FIGURE 2 |MLT promoted angiogenesis of skin flap. (A)H&E staining shows skin flap angiogenesis on postoperative day 7 (original magnification ×200). Scale bar:
50 μm. (B) The MVD per unit area assessed by H&E staining. Significant differences between the groups are indicated by *p < 0.05. (C) Immunochemical detection of
CD31 (marker of angiogenesis) in the skin flap (original magnification ×400). Scale bar: 20 μm (D) The numbers of CD31-positive vessels. Values are themean ± SEM, n =
6 per group. Significant differences between the groups are indicated by **p < 0.001. (E) Angiography showed areas I-III of the vasculature. The second choke zone
II was significantly enhanced. (F) Expression of VEGF mRNA detected by qPCR. Significant differences between the groups are indicated by *p < 0.05.(G) Protein levels
of VEGF and β-actin detected by Western blotting. (H) Quantitative analysis of the protein expression levels of VEGF and β-actin. Significant differences between the
groups are indicated by *p < 0.05. Abbreviations: MLT, melatonin; MVD, mean vessel density.
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FIGURE 3 |MLT suppressed apoptosis in the necrotic area of the flap. (A) Detection of apoptosis by TUNEL assay Scale bar: 20 μm. (B) Relative quantitative data
of apoptotic cells and TUNEL cells. Significant differences between the groups are indicated by **p < 0.001. (C) Protein levels of Bcl-2, Bax, and β-actin detected by
Western blotting. (D)Quantitative analysis of the protein expression levels of Bax/Bcl-2. Significant differences between columns are expressed as *p < 0.05. (E) Protein
levels of caspase3 and α-tubulin detected by Western blotting. (D) Quantitative analysis of the protein expression levels of caspase3 and α-tubulin. Significant
differences between columns are expressed as *p < 0.05. Abbreviations: MLT, melatonin.

FIGURE 4 |MLT regulated NRF2 and FUNDC1 gene expression. (A) Expression of NRF2 mRNA detected by qPCR. (B) Expression of FUDNC1 mRNA detected
by qPCR. (C) Protein levels of NRF2, FUNDC1 and β-actin detected by Western blotting. (D) Quantitative evaluation of NRF2/β-actin. (E) Quantitative evaluation of
FUNDC1/β-actin; the data are presented as the mean ± SEM, *p < 0.05 versus the control group, n = 3. Abbreviations: MLT, melatonin.
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surviving areas were 86.867 ± 1.102% and 73.217 ± 0.789% in the
MLT treatment group and the MLT + ML385 cotreatment group,
respectively (Figure 5B; p < 0.001). The percent area of flap survival
estimated by infrared detectors in the two groups was 92.843 ±
0.802% and 75.367 ± 0.974%, respectively (Figures 5C,D; p < 0.001).
Thus, it was concluded that MLT mediated the promotion of flap
survival through the activation of NRF2. In addition, angiography
revealed that NRF2 inhibitor reversed the dilation of choke vessels at
the distal end of the flap, and the protein expression of VEGF was
also reduced, indicating that MLT could promote flap angiogenesis
and dilate choke vessels by activating NRF2 (Figures 6A–C; p <
0.001). Similarly, inhibition of NRF2 reduced the MVD and CD31-
positive vessels, as shown by H&E staining and
immunohistochemistry, respectively (Figure 6D; p < 0.05 and
Figure 6E; p < 0.001). These results illustrated that MLT
promotes angiogenesis in the areaⅡ of the skin flap and dilates
choke vessels of choke II by regulating NRF2. In addition, inhibition
of NRF2 could reverse the effect of MLT in suppressing apoptosis
and increase caspase3 protein expression and Bax/Bcl-2 protein
ratio, which illustrated that MLT could suppress apoptosis by
regulating NRF2 (Figure 6F; p < 0.001 and Figures 6G,H; p <
0.05). These results reveal that MLT activates NRF2 to promote
angiogenesis and inhibit apoptosis in skin flaps.

3.6 Melatonin Affects Skin Flaps via the
NRF2/FUNDC1 Axis
Asmentioned above, the expression levels of NRF2 and FUNDC1
were upregulated after MLT treatment; however, their

relationship was not yet known. By inhibiting the expression
of NRF2, we found that the effect of melatonin on promoting flap
survival was reversed. In addition, the expression level of
FUNDC1 was also reduced (Figure 7). Therefore, we
reasonably speculated that the NRF2/FUNDC1 axis might
mediate the influence of MLT on perforator flap survival.

4 DISCUSSION

MLT is an active hormone secreted by the conarium and has
antioxidant stress and anti-inflammatory functions (Reiter et al.,
2014; Reiter et al., 2017; Amaral and Cipolla-Neto 2018; Cipolla-
Neto and Amaral 2018; Hardeland 2018). Based on previous
research, MLT protects against ischemia-reperfusion and cancer,
which are closely related to improving angiogenesis and
suppressing apoptosis (Yeung et al., 2015; Sun et al., 2016;
Gou et al., 2020; Mehrzadi et al., 2021). However, it is unclear
what effect MLT has on multi-territory perforator flaps. Thus, in
this study, we attempted to explore the effect of MLT on multi-
territory perforator flaps and its possible molecular mechanism.

With the in-depth study of multi-territory perforator flaps,
remodeling of choke vessels is considered to play a significantly
important role in promoting multi-territory perforator flaps
(Taylor et al., 2013). Under physiological conditions, the
choke area is generally closed, and when the flap is too large
to exceed the area supplied by a single angiosome, the survival of
the multi-territory perforator flap depends on the transformation
of the choke area to a true anastomosis (Zhuang et al., 2012; Fang

FIGURE 5 | MLT activated NRF2 to increase the survival area of the multidomain perforator flap. (A) Flap necrosis in the MLT group and MLT + ML386 group on
postoperative day 7 and relative quantification of the flap survival rate. The red pane is the area of flap necrosis we marked. Significant differences between groups are
expressed as **p < 0.001. Scale bar: 1 cm (B) Flap blood flow temperature in the MLT group andMLT +ML386 group and quantitative estimation of the flap survival rate.
Columns represent the mean ± SEM, **p < 0.001. Abbreviations: MLT, melatonin.
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FIGURE 6 | MLT promoted angiogenesis and inhibited apoptosis in flaps by stimulating NRF2. (A) Angiography showed obvious angiogenesis in the vascular
territory of areas I-III. (B) Expression level of VEGF protein. (C) Expression of VEGF mRNA. *p < 0.05 versus the MLT group. (D) Tissue sections after H&E staining and
relative quantification of MVD. Differences between groups are expressed as *p < 0.05. Scale bar: 50 μm (E) Expression of CD31 by immunohistochemistry. Values are
the mean ± SEM, n = 6 per group. Significant differences between the groups are indicated by**p < 0.001. Scale bar: 20 μm (F) Immunofluorescence detection of
apoptotic cells and TUNEL cells in two groups; Columnmean ± SEM, n = 6, compared withMLT group **p < 0.001. Scale bar: 20 μm (G) The expression and quantitative
analysis of the apoptosis-related proteins Bax and Bcl-2 by Western blotting. Columns represent the mean ± SEM, *p < 0.05 versus the MLT group. (H) The expression
and quantitative analysis of caspase3 and α-tubulin proteins by Western blotting. Columns represent the mean ± SEM, *p < 0.05 versus the MLT group.Abbreviations:
MLT, melatonin; MVD, mean vessel density.

FIGURE 7 | MLT functions through the NRF2/FUNDC1 axis. (A) The mRNA and protein expression levels of NRF2 and FUNDC1 were detected by qPCR and
Western blotting, respectively; the expression of NRF2 and FUNDC1 was estimated relative to that of β-actin. *p < 0.05 versus the MLT group.
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et al., 2020). Therefore, we constructed a multi-territory
perforator flap for related research and selected the tissue
from the choke area for analysis. First, we found that
compared to wild-type controls, MLT-treated rats had a
reduced area of ischemic necrosis of the skin flap. Then,
histological analysis comparing the MVD and CD31-positive
vessels between the MLT group and the control group
revealed that MLT increased angiogenesis in the choke area.
Following angiography, the author found that dilation was
significantly increased in choke zone II in the MLT-treated
group, while there was almost no dilation in control group.
Thus, we concluded that MLT can promote the survival of
multi-territory perforator flaps through remodeling of choke
vessels.

Apoptosis is programmed cell death and an important way to
maintain homeostasis. Studies (Hosseinzadeh et al., 2016; Zhai
et al., 2017) have shown that MLT has a protective effect on
osteoarthritis and myocardial ischemia reperfusion injury by
inhibiting apoptosis. The regulation of apoptosis could
significantly reduce the rate of flap necrosis (Mao et al., 2019).
Bcl-2 and Bax are two key proteins important in regulating cell
apoptosis. Among them, Bcl-2 has an anti-apoptotic effect, while
Bax has the opposite effect. In addition, activation of Caspase3
was considered an important step in initiating the apoptosis
program (Cohen 1997). Western blotting analysis showed that
the Bax/Bcl-2 ratio and Caspase3 in the MLT treatment group
was significantly lower than that in the control group, which
illustrated that MLT inhibited the apoptosis signaling pathways.
Then, we used immunofluorescence to explore the effect of MLT
on apoptosis. The results showed that theMLT-treated group had
fewer apoptotic cells, which illustrated that MLT has a protective
effect on multi-territory perforator flaps by inhibiting apoptosis.

At present, there are two theories regarding the factors
affecting choke vessel remodeling: blood flow stress shearing
or hypoxia-mediated vascular endothelial cell migration and
proliferation (Hudlicka and Brown 2009; Qing et al., 2017).
Previous studies (Kahroba and Davatgaran-Taghipour 2020;
Lin et al., 2020) have shown that the stress response of the
vascular endothelium resists various pathological damages,
such as blood flow shear stress and oxidative stress. NRF2 is
the most important transcriptional regulator in the regulation of
the stress response and maintains the homeostasis of vascular
endothelial cells. NRF2 has been demonstrated to play an
important role in angiogenesis and can upregulate the
expression of VEGF, which is the most important factor in
vascular remodeling (Pendyala et al., 2011; Kuang et al., 2013;
Ji et al., 2014). Researchers have found that MLT can activate
NRF2 to suppress apoptosis (Wang et al., 2019; Ma H. et al.,
2020). Chang et al. (Chang et al., 2018) also proposed that MLT
has a protective effect against apoptosis via the NRF2 signaling
pathway. Interestingly, Wang et al. (Wang et al., 2021) proposed
that FUNDC1 was an integral mitochondrial outer-membrane
protein that could increase the expression of VEGF and promote
endothelial cell angiogenesis. Similarly, FUNDC1 not only
alleviates ischemia–reperfusion injury but also inhibits
apoptosis (Wang et al., 2018; Jiang X. et al., 2021; Cai et al.,
2021; Li et al., 2021). In our study, we observed that MLT
treatment reduced the area of ischemic necrosis of the flap.
Following analysis of the flap tissue, we found that
angiogenesis in the choke area was increased, while apoptosis
was decreased. These results confirmed that MLT could reduce
the ischemic necrosis of the multi-territory perforator flap by
promoting angiogenesis and suppressing apoptosis. However, the
molecular mechanism that promotes the survival of flaps is

FIGURE 8 | A schematic diagram illustrating MTL improve the survival of multiterritory perforator flaps by promoting angiogenesis and inhibiting apoptosis via the
NRF2/FUNDC1 axis.
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unclear. In our study, real-time PCR was used to detect gene
expression and indicated that the mRNA expression of NRF2 and
FUNDC1 was upregulated after MLT treatment. Following
western blot analysis, the results also showed increased protein
expression of NRF2 and FUNDC1. Thus, MLT could indeed
upregulate the expression levels of NRF2 and FUNDC1, but their
relationship has not yet been determined. To verify the
association between NRF2 and FUNDC1, we used cotreatment
with MLT and the NRF2 inhibitor ML385. After MLT and
ML385 cotreatment, the results showed that the effect of MLT
in promoting multi-territory perforator flaps by inhibiting
apoptosis and promoting angiogenesis was reversed. The
expression of FUNDC1 protein was downregulated. Therefore,
we speculated that MLT promotes angiogenesis and suppresses
apoptosis via the NRF2/FUNDC1 axis, thereby promoting the
survival of multi-territory perforator flaps (Figure 8).

Perforator flaps have become a common method for repairing
large soft tissue defects. Among them, conjoined perforator flaps,
combined perforator flaps, and multi-territory perforator flaps
are all reconstruction methods that could solve those clinical
problem. Conjoined flap supplied by two adjacent angiosomes to
expand the incision area of the flap by applying technology of
supercharged or tubercharged (Hallock 2008), which have the
disadvantage of being difficult to harvest. Combined flap is a
combination of two different skin flaps, which has the
disadvantage of sacrificing the second donor site (He et al.,
2021). While multi-territory perforator flap has the advantages
of simple incision and large acquisition area. However, the
unreliable blood supply of multi-territory perforator flaps
restricts the extensive clinical application of multi-territory
perforator flaps. As a result, Promoting the survival area of
multi-territory perforator flaps has important clinical
significance.

In addition, there are exist certain limitation that therapy of
melatonin applies to multi-territory perforator flaps. For
example, further large animal models and clinical trials need
be explored for the safety of melatonin, and the side effects of the

drug need to be considered. In addition, the effect of melatonin on
the human body needs and to be verified in the future.

In summary, this study investigated the effect of MLT on the
survival area of multi-territory perforator flaps. The results
showed that MLT could increase the survival area of multi-
territory perforator flaps by promoting angiogenesis and
inhibiting apoptosis. This process may be related to NRF2/
FUNDC1 axis.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Experimental
Animal Welfare Ethics Committee, Central South University.
Written informed consent was obtained from the owners for the
participation of their animals in this study.

AUTHOR CONTRIBUTIONS

PW and JT designed the study and revised the manuscript. CH,
LQ, XP, JF, and YX performed the experiments. CH analyzed the
data and wrote the manuscript, LQ and PW revised the
manuscript.

FUNDING

This publication was funded in part by the National Natural
Science Foundation of China (NO.82072194 and No.
81901978).

REFERENCES

Acartürk, T., Dinçyürek, H., and Dağlıoğlu, K. (2015). Delay by Staged Elevation of
Flaps and Importance of Inclusion of the Perforator Artery. J. Hand Microsurg
07 (1), 1–5. doi:10.1007/s12593-014-0124-8

Amaral, F. G. D., and Cipolla-Neto, J. (2018). A Brief Review about Melatonin, a
Pineal Hormone. Arch. Endocrinol. Metab. 62 (4), 472–479. doi:10.20945/2359-
3997000000066

Bali, U., Aydemir, I., Keçeci, Y., Yoleri, L., and Tuğlu, M. İ. (2021). Effects of
Oxidative Stress and Apoptosis on Vascularity and Viability of Perforator Flaps.
Biotech. Histochem. 96 (7), 526–535. doi:10.1080/10520295.2020.1831066

Bigdeli, A. K., Thomas, B., Falkner, F., Radu, C. A., Gazyakan, E., and Kneser, U.
(2020). Microsurgical Reconstruction of Extensive Lower Extremity Defects
with the Conjoined Parascapular and Latissimus Dorsi Free Flap.Microsurgery
40 (6), 639–648. doi:10.1002/micr.30640

Cai, Y., Yang, E., Yao, X., Zhang, X., Wang, Q., Wang, Y., et al. (2021). FUNDC1-
dependentMitophagy Induced by tPA Protects Neurons against Cerebral Ischemia-
Reperfusion Injury. Redox Biol. 38, 101792. doi:10.1016/j.redox.2020.101792

Callegari, P. R., Taylor, G. I., Caddy, C. M., and Minabe, T. (1992). An Anatomic
Review of the Delay Phenomenon: I. Experimental Studies. Plast. Reconstr.
Surg. 89 (3), 397–398. doi:10.1097/00006534-199203000-00003

Carrascal, L., Nunez-Abades, P., Ayala, A., and Cano, M. (2018). Role of Melatonin
in the Inflammatory Process and its Therapeutic Potential. Curr. Pharm. Des.
24 (14), 1563–1588. doi:10.2174/1381612824666180426112832

Chang, C. C., Huang, T. Y., Chen, H. Y., Huang, T. C., Lin, L. C., Chang, Y. J.,
et al. (2018). Protective Effect of Melatonin against Oxidative Stress-
Induced Apoptosis and Enhanced Autophagy in Human Retinal
Pigment Epithelium Cells. Oxid. Med. Cell Longev. 2018, 9015765.
doi:10.1155/2018/9015765

Chang, H., Nobuaki, I., Minabe, T., and Nakajima, H. (2004). Comparison of Three
Different Supercharging Procedures in a Rat Skin Flap Model. Plast. Reconstr.
Surg. 113 (1), 277–283. doi:10.1097/01.PRS.0000095953.57320.2F

Cipolla-Neto, J., and Amaral, F. G. D. (2018). Melatonin as a Hormone: New
Physiological and Clinical Insights. Endocr. Rev. 39 (6), 990–1028. doi:10.1210/
er.2018-00084

Cohen, G. M. (1997). Caspases: the Executioners of Apoptosis. Biochem. J. 326 (Pt
1), 1–16. doi:10.1042/bj3260001

Coşkunfirat, O. K., Okşar, H. S., and Ozgentaş, H. E. (2000). Effect of the Delay
Phenomenon in the Rat Single-Perforator-Based Abdominal Skin Flap Model.
Ann. Plast. Surg. 45 (1), 42–47. doi:10.1097/00000637-200045010-00008

Fang, F., Liu, M., Xiao, J., and Zhuang, Y. (2020). Arterial Supercharging Is More
Beneficial to Flap Survival Due to Quadruple Dilation of Venules. J. Surg. Res.
247, 490–498. doi:10.1016/j.jss.2019.09.056

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 92118910

Huang et al. Effects of Melatonin on Flaps

https://doi.org/10.1007/s12593-014-0124-8
https://doi.org/10.20945/2359-3997000000066
https://doi.org/10.20945/2359-3997000000066
https://doi.org/10.1080/10520295.2020.1831066
https://doi.org/10.1002/micr.30640
https://doi.org/10.1016/j.redox.2020.101792
https://doi.org/10.1097/00006534-199203000-00003
https://doi.org/10.2174/1381612824666180426112832
https://doi.org/10.1155/2018/9015765
https://doi.org/10.1097/01.PRS.0000095953.57320.2F
https://doi.org/10.1210/er.2018-00084
https://doi.org/10.1210/er.2018-00084
https://doi.org/10.1042/bj3260001
https://doi.org/10.1097/00000637-200045010-00008
https://doi.org/10.1016/j.jss.2019.09.056
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Fernández, A., Ordóñez, R., Reiter, R. J., González-Gallego, J., and Mauriz, J. L.
(2015). Melatonin and Endoplasmic Reticulum Stress: Relation to Autophagy
and Apoptosis. J. Pineal Res. 59 (3), 292–307. doi:10.1111/jpi.12264

Gou, Z., Su, X., Hu, X., Zhou, Y., Huang, L., Fan, Y., et al. (2020). Melatonin
Improves Hypoxic-Ischemic Brain Damage through the Akt/Nrf2/Gpx4
Signaling Pathway. Brain Res. Bull. 163, 40–48. doi:10.1016/j.brainresbull.
2020.07.011

Gurlek, A., Aydogan, H., Parlakpinar, H., Bay-Karabulut, A., Celik, M., Sezgin, N.,
et al. (2004). Protective Effect of Melatonin on Random Pattern Skin Flap
Necrosis in Pinealectomized Rat. J. Pineal Res. 36 (1), 58–63. doi:10.1046/j.
1600-079x.2003.00099.x

Hallock, G. G. (2008). Branch-based Conjoined Perforator Flaps. Plast. Reconstr.
Surg. 121 (5), 1642–1649. doi:10.1097/PRS.0b013e31816aa022

Hallock, G. G., and Rice, D. C. (2005). Efficacy of Venous Supercharging of the
Deep Inferior Epigastric Perforator Flap in a Rat Model. Plast. Reconstr. Surg.
116 (2), 551–556. doi:10.1097/01.prs.0000172889.62564.e1

Hardeland, R. (2018). Melatonin and Inflammation-Story of a Double-Edged
Blade. J. Pineal Res. 65 (4), e12525. doi:10.1111/jpi.12525

He, J., Qing, L., Wu, P., Zhou, Z., Yu, F., and Tang, J. (2021). Large Wounds
Reconstruction of the Lower Extremity with Combined Latissimus Dorsi
Musculocutaneous Flap and Flow-Through Anterolateral Thigh Perforator
Flap Transfer. Microsurgery 41 (6), 533–542. doi:10.1002/micr.30754

Herrberger, U., Tilgner, A., and Schumann, D. (1989). Temperature Determination
of the Skin Surface for the Estimation of Blood Supply Disorders in
Myocutaneous Island Flaps of Rats. Z Vers. 32 (1), 33–39.

Hosseinzadeh, A., Kamrava, S. K., Joghataei, M. T., Darabi, R., Shakeri-Zadeh, A.,
Shahriari, M., et al. (2016). Apoptosis Signaling Pathways in Osteoarthritis and
Possible Protective Role of Melatonin. J. Pineal Res. 61 (4), 411–425. doi:10.
1111/jpi.12362

Hudlicka, O., and Brown, M. D. (2009). Adaptation of Skeletal Muscle
Microvasculature to Increased or Decreased Blood Flow: Role of Shear
Stress, Nitric Oxide and Vascular Endothelial Growth Factor. J. Vasc. Res.
46 (5), 504–512. doi:10.1159/000226127

Ji, X., Wang, H., Zhu, J., Zhu, L., Pan, H., Li, W., et al. (2014). Knockdown of Nrf2
Suppresses Glioblastoma Angiogenesis by Inhibiting Hypoxia-Induced
Activation of HIF-1α. Int. J. Cancer 135 (3), 574–584. doi:10.1002/ijc.28699

Jiang, J., Dong, C., Zhai, L., Lou, J., Jin, J., Cheng, S., et al. (2021). Paeoniflorin
Suppresses TBHP-Induced Oxidative Stress and Apoptosis in Human
Umbilical Vein Endothelial Cells via the Nrf2/HO-1 Signaling Pathway and
Improves Skin Flap Survival. Front. Pharmacol. 12, 735530. doi:10.3389/fphar.
2021.735530

Jiang, X., Cai, S., Jin, Y., Wu, F., He, J., Wu, X., et al. (2021). Irisin Attenuates
Oxidative Stress, Mitochondrial Dysfunction, and Apoptosis in the H9C2
Cellular Model of Septic Cardiomyopathy through Augmenting Fundc1-
dependent Mitophagy. Oxid. Med. Cell Longev. 2021, 2989974. doi:10.1155/
2021/2989974

Kahroba, H., and Davatgaran-Taghipour, Y. (2020). Exosomal Nrf2: From Anti-
oxidant and Anti-inflammation Response to Wound Healing and Tissue
Regeneration in Aged-Related Diseases. Biochimie 171-172, 103–109. doi:10.
1016/j.biochi.2020.02.011

Kerem, H., Akdemır, O., Ates, U., Uyanıkgıl, Y., Demırel Sezer, E., Bılkay, U., et al.
(2014). The Effect of Melatonin on a Dorsal Skin Flap Model. J. Invest. Surg. 27
(2), 57–64. doi:10.3109/08941939.2013.835892

Kim, Y. S., Lee, H.-Y., Jang, J. Y., Lee, H. R., Shin, Y. S., and Kim, C.-H. (2021).
Redox Treatment Ameliorates Diabetes Mellitus-Induced Skin Flap Necrosis
via Inhibiting Apoptosis and Promoting Neoangiogenesis. Exp. Biol. Med.
(Maywood) 246 (6), 718–728. doi:10.1177/1535370220974269

Kuang, L., Feng, J., He, G., and Jing, T. (2013). Knockdown of Nrf2 Inhibits the
Angiogenesis of Rat Cardiac Micro-vascular Endothelial Cells under Hypoxic
Conditions. Int. J. Biol. Sci. 9 (7), 656–665. doi:10.7150/ijbs.5887

Li, S., Zhou, Y., Gu, X., Zhang, X., and Jia, Z. (2021). NLRX1/FUNDC1/
NIPSNAP1-2 axis Regulates Mitophagy and Alleviates Intestinal Ischaemia/
reperfusion Injury. Cell Prolif. 54 (3), e12986. doi:10.1111/cpr.12986

Lin, J., Jia, C., Wang, Y., Jiang, S., Jia, Z., Chen, N., et al. (2019). Therapeutic
Potential of Pravastatin for Random Skin Flaps Necrosis: Involvement of
Promoting Angiogenesis and Inhibiting Apoptosis and Oxidative Stress.
Drug Des. Devel Ther. 13, 1461–1472. doi:10.2147/DDDT.S195479

Lin, S., Zhang, Q., Li, S., Zhang, T., Wang, L., Qin, X., et al. (2020). Antioxidative
and Angiogenesis-Promoting Effects of Tetrahedral Framework Nucleic Acids
in Diabetic Wound Healing with Activation of the Akt/Nrf2/HO-1 Pathway.
ACS Appl. Mater Interfaces 12 (10), 11397–11408. doi:10.1021/acsami.0c00874

Lochner, A., Marais, E., and Huisamen, B. (2018). Melatonin and Cardioprotection
against Ischaemia/reperfusion Injury: What’s New? A Review. J. Pineal Res. 65
(1), e12490. doi:10.1111/jpi.12490

Luo, X., Zhao, B., Chu, T., Chen, H., Li, B., Li, Z., et al. (2021). Improvement of
Multiterritory Perforator Flap Survival Supported by a Hybrid Perfusion Mode:
A Novel Strategy and Literature Review. J. Tissue Viability 30 (2), 276–281.
doi:10.1016/j.jtv.2020.12.007

Luo, Z., Wu, P., Qing, L., Zhou, Z., Yu, F., Zhang, P., et al. (2019). The
Hemodynamic and Molecular Mechanism Study on the Choke Vessels in
theMulti-Territory Perforator Flap Transforming into True Anastomosis.Gene
687, 99–108. doi:10.1016/j.gene.2018.11.019

Ma, H., Wang, X., Zhang, W., Li, H., Zhao, W., Sun, J., et al. (2020). Melatonin
Suppresses Ferroptosis Induced by High Glucose via Activation of the Nrf2/
HO-1 Signaling Pathway in Type 2 Diabetic Osteoporosis. Oxid. Med. Cell
Longev. 2020, 9067610. doi:10.1155/2020/9067610

Ma, Q., Reiter, R. J., and Chen, Y. (2020). Role of Melatonin in Controlling
Angiogenesis under Physiological and Pathological Conditions.Angiogenesis 23
(2), 91–104. doi:10.1007/s10456-019-09689-7

Mao, X., Cheng, R., Zhang, H., Bae, J., Cheng, L., Zhang, L., et al. (2019). Self-
Healing and Injectable Hydrogel for Matching Skin Flap Regeneration. Adv. Sci.
(Weinh) 6 (3), 1801555. doi:10.1002/advs.201801555

Mehrzadi, S., Pourhanifeh, M. H., Mirzaei, A., Moradian, F., and Hosseinzadeh, A.
(2021). An Updated Review of Mechanistic Potentials of Melatonin against
Cancer: Pivotal Roles in Angiogenesis, Apoptosis, Autophagy, Endoplasmic
Reticulum Stress and Oxidative Stress. Cancer Cell Int. 21 (1), 188. doi:10.1186/
s12935-021-01892-1

Mokdad, A. H., Forouzanfar, M. H., Daoud, F., Mokdad, A. A., El Bcheraoui, C.,
Moradi-Lakeh, M., et al. (2016). Global Burden of Diseases, Injuries, and Risk
Factors for Young People’s Health during 1990-2013: a Systematic Analysis for
the Global Burden of Disease Study 2013. Lancet 387 (10036), 2383–2401.
doi:10.1016/S0140-6736(16)00648-6

Okşar, H. S., Coşkunfirat, O. K., and Ozgentaş, H. E. (2001). Perforator-based Flap
in Rats: a New Experimental Model. Plast. Reconstr. Surg. 108 (1), 125–131.
doi:10.1097/00006534-200107000-00018

Pendyala, S., Moitra, J., Kalari, S., Kleeberger, S. R., Zhao, Y., Reddy, S. P., et al.
(2011). Nrf2 Regulates Hyperoxia-Induced Nox4 Expression in Human Lung
Endothelium: Identification of Functional Antioxidant Response Elements on
the Nox4 Promoter. Free Radic. Biol. Med. 50 (12), 1749–1759. doi:10.1016/j.
freeradbiomed.2011.03.022

Qing, L., Lei, P., Liu, H., Xie, J., Wang, L., Wen, T., et al. (2017). Expression of
Hypoxia-Inducible Factor-1α in Synovial Fluid and Articular Cartilage Is
Associated with Disease Severity in Knee Osteoarthritis. Exp. Ther. Med. 13
(1), 63–68. doi:10.3892/etm.2016.3940

Qing, L., Wu, P., Liang, J., Yu, F., Wang, C., and Tang, J. (2015). Use of Flow-
Through Anterolateral Thigh Perforator Flaps in Reconstruction of Complex
Extremity Defects. J. Reconstr. Microsurg 31 (8), 571–578. doi:10.1055/s-0035-
1555138

Qing, L., Wu, P., Zhou, Z., Yu, F., and Tang, J. (2019). Tetramethylpyrazine
Improved the Survival of Multiterritory Perforator Flaps by Inducing
Angiogenesis and Suppressing Apoptosis via the Akt/Nrf2 Pathway. Drug
Des. Devel Ther. 13, 1437–1447. doi:10.2147/DDDT.S195090

Reiter, R. J., Rosales-Corral, S., Tan, D. X., Jou, M. J., Galano, A., and Xu, B. (2017).
Melatonin as a Mitochondria-Targeted Antioxidant: One of Evolution’s Best
Ideas. Cell Mol. Life Sci. 74 (21), 3863–3881. doi:10.1007/s00018-017-2609-7

Reiter, R. J., Tan, D. X., and Galano, A. (2014). Melatonin: Exceeding Expectations.
Physiol. (Bethesda) 29 (5), 325–333. doi:10.1152/physiol.00011.2014

Salibian, A. A., Nolan, I. T., Bekisz, J. M., Frey, J. D., Karp, N. S., Choi, M., et al.
(2021). A Systematic Review and Meta-Analysis of Microvascular Stacked and
Conjoined-Flap Breast Reconstruction. J. Reconstr. Microsurg 37 (8), 631–642.
doi:10.1055/s-0041-1723820

Schaverien, M. V., Pessa, J. E., Saint-Cyr, M., and Rohrich, R. J. (2009). The Arterial
and Venous Anatomies of the Lateral Face Lift Flap and the SMAS. Plast.
Reconstr. Surg. 123 (5), 1581–1587. doi:10.1097/PRS.0b013e3181a20544

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 92118911

Huang et al. Effects of Melatonin on Flaps

https://doi.org/10.1111/jpi.12264
https://doi.org/10.1016/j.brainresbull.2020.07.011
https://doi.org/10.1016/j.brainresbull.2020.07.011
https://doi.org/10.1046/j.1600-079x.2003.00099.x
https://doi.org/10.1046/j.1600-079x.2003.00099.x
https://doi.org/10.1097/PRS.0b013e31816aa022
https://doi.org/10.1097/01.prs.0000172889.62564.e1
https://doi.org/10.1111/jpi.12525
https://doi.org/10.1002/micr.30754
https://doi.org/10.1111/jpi.12362
https://doi.org/10.1111/jpi.12362
https://doi.org/10.1159/000226127
https://doi.org/10.1002/ijc.28699
https://doi.org/10.3389/fphar.2021.735530
https://doi.org/10.3389/fphar.2021.735530
https://doi.org/10.1155/2021/2989974
https://doi.org/10.1155/2021/2989974
https://doi.org/10.1016/j.biochi.2020.02.011
https://doi.org/10.1016/j.biochi.2020.02.011
https://doi.org/10.3109/08941939.2013.835892
https://doi.org/10.1177/1535370220974269
https://doi.org/10.7150/ijbs.5887
https://doi.org/10.1111/cpr.12986
https://doi.org/10.2147/DDDT.S195479
https://doi.org/10.1021/acsami.0c00874
https://doi.org/10.1111/jpi.12490
https://doi.org/10.1016/j.jtv.2020.12.007
https://doi.org/10.1016/j.gene.2018.11.019
https://doi.org/10.1155/2020/9067610
https://doi.org/10.1007/s10456-019-09689-7
https://doi.org/10.1002/advs.201801555
https://doi.org/10.1186/s12935-021-01892-1
https://doi.org/10.1186/s12935-021-01892-1
https://doi.org/10.1016/S0140-6736(16)00648-6
https://doi.org/10.1097/00006534-200107000-00018
https://doi.org/10.1016/j.freeradbiomed.2011.03.022
https://doi.org/10.1016/j.freeradbiomed.2011.03.022
https://doi.org/10.3892/etm.2016.3940
https://doi.org/10.1055/s-0035-1555138
https://doi.org/10.1055/s-0035-1555138
https://doi.org/10.2147/DDDT.S195090
https://doi.org/10.1007/s00018-017-2609-7
https://doi.org/10.1152/physiol.00011.2014
https://doi.org/10.1055/s-0041-1723820
https://doi.org/10.1097/PRS.0b013e3181a20544
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Stalder, M. W., Lam, J., Allen, R. J., and Sadeghi, A. (2016). Using the Retrograde
Internal Mammary System for Stacked Perforator Flap Breast Reconstruction:
71 Breast Reconstructions in 53 Consecutive Patients. Plast. Reconstr. Surg. 137
(2), 265e–277e. doi:10.1097/01.prs.0000475743.08559.b6

Sun, H., Gusdon, A. M., and Qu, S. (2016). Effects of Melatonin on Cardiovascular
Diseases: Progress in the Past Year. Curr. Opin. Lipidol. 27 (4), 408–413. doi:10.
1097/MOL.0000000000000314

Tamtaji, O. R., Reiter, R. J., Alipoor, R., Dadgostar, E., Kouchaki, E., and Asemi, Z.
(2020). Melatonin and Parkinson Disease: Current Status and Future
Perspectives for Molecular Mechanisms. Cell Mol. Neurobiol. 40 (1), 15–23.
doi:10.1007/s10571-019-00720-5

Tang, J., Fang, T., Song, D., Liang, J., Yu, F., andWang, C. (2013). Free Deep Inferior
Epigastric Artery Perforator Flap for Reconstruction of Soft-Tissue Defects in
Extremities of Children. Microsurgery 33 (8), 612–619. doi:10.1002/micr.22127

Taylor, G. I., Chubb, D. P., and Ashton, M. W. (2013). True and ’choke’
Anastomoses between Perforator Angiosomes: Part I. Anatomical Location.
Plast. Reconstr. Surg. 132 (6), 1447–1456. doi:10.1097/PRS.0b013e3182a80638

Taylor, G. I., and Palmer, J. H. (1987). The Vascular Territories (Angiosomes) of
the Body: Experimental Study and Clinical Applications. Br. J. Plast. Surg. 40
(2), 113–141. doi:10.1016/0007-1226(87)90185-8

Venegas, C., García, J. A., Escames, G., Ortiz, F., López, A., Doerrier, C., et al.
(2012). Extrapineal Melatonin: Analysis of its Subcellular Distribution and
Daily Fluctuations. J. Pineal Res. 52 (2), 217–227. doi:10.1111/j.1600-079X.
2011.00931.x

Wang, C., Dai, X., Wu, S., Xu, W., Song, P., and Huang, K. (2021). FUNDC1-
dependent Mitochondria-Associated Endoplasmic Reticulum Membranes Are
Involved in Angiogenesis and Neoangiogenesis. Nat. Commun. 12 (1), 2616.
doi:10.1038/s41467-021-22771-3

Wang, J., Jiang, C., Zhang, K., Lan, X., Chen, X., Zang, W., et al. (2019). Melatonin
Receptor Activation Provides Cerebral Protection after Traumatic Brain Injury by
Mitigating Oxidative Stress and Inflammation via the Nrf2 Signaling Pathway.
Free Radic. Biol. Med. 131, 345–355. doi:10.1016/j.freeradbiomed.2018.12.014

Wang, L., Wang, P., Dong, H., Wang, S., Chu, H., Yan, W., et al. (2018). Ulk1/
FUNDC1 Prevents Nerve Cells from Hypoxia-Induced Apoptosis by
Promoting Cell Autophagy. Neurochem. Res. 43 (8), 1539–1548. doi:10.
1007/s11064-018-2568-x

Wu, H., Zhang, C., Chen, Z., Lou, J., Ding, J., Wang, L., et al. (2021). Distal
Arterialized Venous Supercharging Improves Perfusion and Survival in an
Extended Dorsal Three-Perforasome Perforator Flap Rat Model. Plast.
Reconstr. Surg. 147 (6), 957e–966e. doi:10.1097/PRS.0000000000007990

Yeung, H. M., Hung, M. W., Lau, C. F., and Fung, M. L. (2015). Cardioprotective
Effects of Melatonin against Myocardial Injuries Induced by Chronic
Intermittent Hypoxia in Rats. J. Pineal Res. 58 (1), 12–25. doi:10.1111/jpi.12190

Zhai, M., Li, B., Duan, W., Jing, L., Zhang, B., Zhang, M., et al. (2017). Melatonin
Ameliorates Myocardial Ischemia Reperfusion Injury through SIRT3-
Dependent Regulation of Oxidative Stress and Apoptosis. J. Pineal Res. 63
(2), 12419. doi:10.1111/jpi.12419

Zhang, Y. X., Hayakawa, T. J., Levin, L. S., Hallock, G. G., and Lazzeri, D. (2016).
The Economy in Autologous Tissue Transfer: Part 1. The Kiss Flap Technique.
Plast. Reconstr. Surg. 137 (3), 1018–1030. doi:10.1097/01.prs.0000479971.
99309.21

Zhuang, Y., Hu, S., Wu, D., Tang, M., and Xu, D. C. (2012). A Novel In Vivo
Technique for Observations of Choke Vessels in a Rat Skin Flap Model. Plast.
Reconstr. Surg. 130 (2), 308–317. doi:10.1097/PRS.0b013e3182589c0e

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Huang, Qing, Pang, Fu, Xiao, Tang 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 May 2022 | Volume 13 | Article 92118912

Huang et al. Effects of Melatonin on Flaps

https://doi.org/10.1097/01.prs.0000475743.08559.b6
https://doi.org/10.1097/MOL.0000000000000314
https://doi.org/10.1097/MOL.0000000000000314
https://doi.org/10.1007/s10571-019-00720-5
https://doi.org/10.1002/micr.22127
https://doi.org/10.1097/PRS.0b013e3182a80638
https://doi.org/10.1016/0007-1226(87)90185-8
https://doi.org/10.1111/j.1600-079X.2011.00931.x
https://doi.org/10.1111/j.1600-079X.2011.00931.x
https://doi.org/10.1038/s41467-021-22771-3
https://doi.org/10.1016/j.freeradbiomed.2018.12.014
https://doi.org/10.1007/s11064-018-2568-x
https://doi.org/10.1007/s11064-018-2568-x
https://doi.org/10.1097/PRS.0000000000007990
https://doi.org/10.1111/jpi.12190
https://doi.org/10.1111/jpi.12419
https://doi.org/10.1097/01.prs.0000479971.99309.21
https://doi.org/10.1097/01.prs.0000479971.99309.21
https://doi.org/10.1097/PRS.0b013e3182589c0e
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

	Melatonin Improved the Survival of Multi-Territory Perforator Flaps by Promoting Angiogenesis and Inhibiting Apoptosis via  ...
	1 Introduction
	2 Materials and Methods
	2.1 Ethics Statement
	2.2 Animal Experiments
	2.3 Flap Animal Model
	2.4 Drug Administration
	2.5 Flap Survival Evaluation
	2.6 Infrared Detector
	2.7 Histological Analysis
	2.8 Immunohistochemistry
	2.9 RT and Q-PCR
	2.10 Western Blotting
	2.11 Immunofluorescence
	2.12 Angiography
	2.13 Statistical Analysis

	3 Results
	3.1 Melatonin Promotes Skin Flap Survival
	3.2 Melatonin Promotes Angiogenesis of Skin Flaps
	3.3 Melatonin Inhibits Apoptosis During Flap Necrosis and Changes the Expression of Apoptosis-Related Proteins
	3.4 Melatonin Alters the Expression Levels of NRF2 and FUNDC1
	3.5 Melatonin Improves the Survival of Multi-Territory Perforator Flaps by Inducing Angiogenesis and Suppressing Apoptosis  ...
	3.6 Melatonin Affects Skin Flaps via the NRF2/FUNDC1 Axis

	4 Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


