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Skin flaps are necessary in plastic and reconstructive surgery for the removal of skin cancer, wounds, and ulcers. A skin

flap is a portion of skin with its own blood supply that is partially separated from its original position and moved from one

place to another. The use of skin flaps is often accompanied by cell necrosis or apoptosis due to ischemia–reperfusion

(I/R) injury.
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1. Introduction

Random pattern skin flaps are frequently used in plastic and reconstructive surgery to treat skin ulcers, trauma, congenital

disease, general wounds, and wounds resulting from tumor excision . However, skin flaps are often accompanied by

necrosis or apoptosis via ischemia/reperfusion (I/R) injury that activates proinflammatory cytokines. These activated

proinflammatory molecular factors accelerate a variety of factors such as cytokines, chemokines, adhesion, and inducible

enzymes . To prevent I/R injury after skin flap surgery, many investigators report various treatments. For

example, prior researchers suggested the inhibition of proinflammatory cytokines including nuclear factor kappa B (NF-

κB), Inhibitor of kappa B (IκB), interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and oxygen free radicals . Novel

drugs that regulate proinflammatory cytokines are actively being studied . Chehelcheraghi et al. investigated the

effect of bone marrow mesenchymal-derived stem cells (BM-MSCs) on the viabilities of random pattern skin flap models

. Furthermore, Gersch et al. induced angiogenesis using vascular endothelial growth factor (VEGF) in mouse skin flap

models .

Animal models of skin flaps are widely used in plastic and reconstructive surgery, as these animal models are of low cost

and I/R injury is easily evaluated. The rectangular skin flap model was suggested by McFarlane et al. (McFarlane flap),

and many researchers have modified this flap model for various experimental approaches . Although a 27 cm  (3 cm

× 9 cm) dorsal skin flap was frequently used in rat skin flap models, various skin flap methods are utilized according to

their purpose. It will introduce a variety of skin flap animal models and present future  strategies by summarizing the latest

research trends for skin flap treatment and ischemic preconditioning (IPC). Experimental animal models are generally

standardized or modified according to the concept of research. However, regarding the case of skin flaps, too many

modified animal models have been proposed based on the McFarlane flap or island flap. Therefore, it has been compiled

various skin flap animal models so that researchers starting flap research can select an appropriate animal model. The

skin flap animal model was organized by searching for published papers in the last ten years on PubMed stratified by type

of animals such as rat, mouse, rabbit, and pig.

IPC is a non-invasive treatment method to prevent I/R injury. In previous ones, IPC was proposed as an effective method

to minimize I/R injury by promoting angiogenesis in various organs . However, IPC was also performed with various

animals and procedures. It was investigated the IPC in the skin flap model from 2007 to 2021 through the PubMed search

sorted by animal type, and IPC methods. In addition, the molecular factors related to IPC are organized so that

researchers can easily understand and select the analysis target molecules of IPC. It was summarized the vast amount of

data on skin flap animal models and IPCs, and also briefly presented trends and clinical treatments for skin flaps.

2. Animal Experimental Models for Skin Flaps

The skin flap is an important and frequently used tool in plastic and reconstructive surgery . To reduce postoperative

flap complications, a variety of strategies have been studied in skin flap animal models. McFarlane first presented the

standardized dorsal rat skin flap models in 1965 . The McFarlane flap (4 cm × 10 cm) is a widely known rectangular

skin flap model that has been modified to create a variety of other skin flap models . For experimental purposes,

researchers should choose the most appropriate flap model. Below, It was introduced and summarize many of the various

animal experimental models for skin flaps.
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2.1. Animals and Flap Designs

With regards to rectangular skin flap models, most were modified McFarlane flaps, with the preferred flap being a 27 cm

(3 cm × 9 cm) dorsal skin flap (Figure 1) . In the operation, a 9 cm long

red line originating at the level of the base of the scapulae was drawn on the dorsal midline. A rectangular area was drawn

with its long edges parallel to and 1.5 cm away from the midline. The skin was incised along the cranial and lateral lines of

the rectangular area. The skin flap was immediately re-attached in its original position and sutured using various sutures

including 4-0 silk, 4-0 nylon, or 4-0 prolene single stitches at 0.5 cm intervals . In addition, skin flap

models vary according to the purpose, and 24–30 cm  flaps are used in about 70% of the papers published recently 

. A 9 cm  (1.5 cm × 6 cm) flap was the smallest , and a 65 cm  (5 cm × 13 cm) flap was the largest

. Most researchers used a dorsal flap model, but Bai et al. performed an abdominal skin flap (6 cm × 9 cm) with a

surgical procedure similar to the method described above .

Figure 1. Skin flap procedure in rats. (A) Hair from the dorsal side of the rat was removed. (B) A 9 cm long red line

originating at the level of the base of the scapulae was drawn on the dorsal midline. A rectangular area was drawn with its

long edges parallel to and 1.5 cm away from the midline. (C) The skin was incised along the cranial and lateral lines of the

rectangular area. (D) The skin flap was immediately re-attached in its original position and sutured with 4-0 nylon single

stitches at 0.5 cm intervals. All experimental procedures were approved by the Institutional Animal Care and Use

Committee of Seoul National University Bundang Hospital (BA1612-213/075-01).

In addition to the McFarlane flap model, island flaps are also widely used as animal skin flap models. In 1982, Hartrampt

et al. reported an island skin flap that could be harvested transversely across the lower abdomen . Animal models of

island skin flaps are continuously developed and used in various animal experiments and are representative of the

epigastric vessel model. In the epigastric island flap operation, a rectangular area is marked on the abdomen, and the skin

flap based on the right superficial epigastric vessel is elevated . Island flap size varies from 9 to 54 cm , being

relatively smaller than the McFarlane flap .

Dorsal skin flap sizes in mice commonly range from 3 to 8 cm  , and the rectangular dorsal flap method is similar to

the method seen in rat models. Common island flaps are the dorsal lateral thoracic vessel (1.5 cm × 3.5 cm)  and

epigastric vessel models . Mouse strains used for skin flap procedures include C57BL/6, BALB/c, and ICR, and were

selected according to research purpose.

The rabbit is mainly chosen for island flap research , but some researchers use rabbits as dorsal skin flap

models . Rabbit island flap models were commonly epigastric (5 cm × 17 cm) , fasciocutaneous (4 cm × 5 cm, 10

cm × 10 cm) , abdominal cutaneous (15 cm × 19 cm, 6-0 polypropylene sutures) , and artery graft flap models (12

cm × 13 cm)  . The flap of the island skin flap consists of the skin, subcutaneous tissue, and superficial fascia (or

panniculus carnosus, etc.). The flap is marked based on the medial branch of the superficial inferior epigastric artery (or

target vessel). After flap elevation, target research such as I/R injury or artery grafts are conducted. The island flap is

immediately repositioned and sutured . Zhuang et al. created a 15 cm  (2.5 cm × 6 cm, 7-0 prolene suture) dorsal

skin flap and Wang et al. created two 16 cm  (2 cm × 8 cm, 5-0 monofilament nylon suture) flaps . The rabbit dorsal

skin flap surgical procedure is similar to that used in rat and mouse skin flap creation.

2.2. Skin Flap Evaluation

Skin flap survival is evaluated by a variety of methods including skin color measures, histopathologic assessment,

immunohistochemistry, and inflammatory factor evaluation .

2.2.1. Necrosis Flap Area Analysis
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The analysis of a necrosis flap area is widely used to evaluate flap survival. For quantitative evaluation of flap viability, the

skin flap is photographed 7–8 days postoperatively. To measure the necrotic or apoptotic tissue, total skin flap, and

necrotic areas are commonly measured using imaging analysis programs (e.g., Image J software, Adobe Photoshop CS6

extended software, and software Image-Pro Plus 6.0) . The necrotic area presents with eschar formation and dark

skin color when compared to the zero- or first-day postoperative appearance.

2.2.2. Histopathologic Assessment

The histopathologic approaches to detect necrosis and inflammation are important and reveal information such as

granulation tissue quality, tissue edema, blood vessel and capillary hyperplasia, and inflammatory cell infiltration . Skin

flap animals are commonly sacrificed 7–8 days postoperatively, after which tissues are fixed, embedded, and serially

sectioned. Most investigators perform hematoxylin and eosin staining for histopathologic assessment . In a rat skin

flap model, acute inflammatory infiltration was observed and, other than a portion of its muscle fibers, the epithelial layer

was degenerated . The vessel walls were sclerosed and had collapsed . Moreover, inflammatory cells were

observed in the dermal and subcutaneous layers . Miyawaki et al. used a histopathologic scoring system based on

inflammation, edema, and congestion .

2.2.3. Inflammatory Cytokines

The I/R injury induces expressions of various inflammatory cytokines and tissue damage . The exploration of

inflammatory cytokines plays a key role in improving flap survival and may provide evidence for clinical trials. The

inflammatory cytokine pathway is a complex network including components such as NF-κB, IκB, IL-6, TNF-α, and oxygen

free radicals .

NF-κB and IκB

NF-κB is a known transcription factor that controls cytokine expression and cell survival in normal cells . In

addition, NF-κB regulates chemokine, adhesion, and inducible enzymes . NF-κB dimer (RelA/p50) binds to IκB

and maintains an inactive form in the cytoplasm of most resting cells. In the condition of inflammatory stimulation,

IκB kinase (IKK) induces IκB phosphorylation and degradation. NF-κB separates from the NF-κB/IκB complex, and

the activated NF-κB dimer (RelA/p50) translocates to the nucleus. The NF-κB dimer (RelA/p50) binds to the

promoter of pro-inflammatory genes in the nuclear DNA. Finally, pro-inflammatory transcription induces the

expression of inflammatory cytokines such as TNF-α, IL-1, and IL-6 (Figure 2) . Therefore, NF-κB signal

regulation is important when attempting to improve I/R injury in the skin flap.

TNF-α, IL-1β, and IL-6

TNF-α, IL-1β, and IL-6 play key roles as proinflammatory cytokines in I/R injury . As described above,

proinflammatory cytokines are activated by NF-κB and used as indicators of inflammation. Prior investigators have

researched the potential of these cytokines to improve skin flap survival or discover novel therapeutics.

TNF-α is a systemic inflammation cell signaling protein expressed by activated NF-κB via the PARs/p38-MAPK/NF-

κB pathway . It is released from activated monocytes and macrophages and can activate lymphocytes,

neutrophils, eosinophils, and natural killer (NK) cells during an inflammatory response . Moreover, increased TNF-

α triggers additional NF-κB expressions via IKK activation . Many investigators have attempted to inhibit TNF-α

expression. Deheng et al. reported TNF-α presence and the inflammatory reactions were decreased by VEGF

treatment, which improved skin flap survival .

Interleukin (IL) families play a key role in immune system regulation, and are synthesized by helper CD4 T lymphocytes,

monocytes, macrophages, and endothelial cells . In I/R injury, IL-1β and IL-6 are known as proinflammatory mediators

produced by leukocytes. Increased TNF-α via the PARs/p38-MAPK/NF-κB pathway enhances the expression of IL-1β and

IL-6. IL-1β is mainly secreted by activated immune cells such as monocytes and macrophages, as well as NK cells, B

cells, dendritic cells, fibroblasts, and epithelial cells . Alongside TNF-α and IL-1β, IL-6 also acts as an indicator of

inflammation severity . It is a pyrogen and responds to fever in autoimmune, infectious, or non-infectious diseases. In

skin flap animal experiments, IL-1β and IL-6 are usually increased due to skin flap necrosis. Many investigators use the IL

factors as inflammatory indicators after skin flap procedures. Peng et al. reported that natural hirudin treatment improved

skin flap viability via inhibition of proinflammatory TNF-α and IL-6 . Deheng et al. investigated the effect of salidroside on

skin flap survival, and found that salidroside promoted VEGF expression, increased skin flap angiogenesis, and

decreased the presence of proinflammatory cytokines . As mentioned above, many researchers have an interest in

[2][3][17]

[15]

[3][15]

[20] [55]

[39]

[56]

[4][57]

[57]

[3][4]

[58]

[4][5][6][7]

[59][60]

[4]

[9]

[4]

[61]

[8]

[8][62]

[4]

[4]

[10]



new drugs to improve skin flap survival . New drug development for the inhibition of inflammation will require

continuous research.

Figure 2. The nuclear factor kappa B (NF-κB) signal and Inflammatory Factors in I/R injury. I/R injury factors enter the

cytoplasm. Activated inhibitor of kappa B (IκB) kinase separates the NF-κB/IκB complex into NF-κB and IκB. Separated

IκB is degraded in the cytoplasm, and the NF-κB dimer (RelA/p50) translocates to the nucleus. Within the nucleus, the

NF-κB dimer (RelA/p50) binds to the DNA promoter of pro-inflammatory genes. Finally, pro-inflammatory transcription

induces the expression of inflammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin (IL)-1, and IL-6.

2.2.4. Apoptosis

Apoptosis is an important signal that frequently occurs in skin flaps. Inflammatory reactions and oxidative stress

accelerate the apoptotic reaction . To detect apoptosis in experimental ones, terminal deoxynucleotidyl transferase

dUTP nick end labeling (TUNEL) staining is performed. TUNEL-positive cell presence increases after skin flap creation

. B-cell lymphoma-2 (Bcl-2), Bcl-2-associated X protein (Bax), phospho-apoptosis signal regulating kinase-1 (pASK-1),

phospho-jun amino-terminal kinases (pJNK), and caspase-3 are important apoptosis signal factors experimentally

detected by western blot or qPCR. Bax is a member of the Bcl-2 family and is associated with the apoptosis pathway .

It activates caspase-3 via the release of cytochrome c from mitochondria, and finally induces DNA fragmentation . Bcl-2

is an anti-apoptosis protein and a mitochondrial anchoring protein . It can regulate apoptosis via the mitochondrial

pathway of apoptosis by regulating the ratio between anti-apoptotic and pro-apoptotic members of the Bcl-2 family .

According to prior one, Bax and caspase-3 presence increases, and Bcl-2 decreases after skin flap procedures . For

that reason, many researchers explore the apoptosis pathway to increase skin flap survival. Deheng et al. found that

salidroside improved the area of skin flap survival. Furthermore, the expression of caspase-3 was decreased and Bax was

increased in the salidroside-treatment group . According to Almeida et al., hyperbaric oxygen therapy induces a

reduction in cellular DNA damage and apoptosis . To introduce therapeutics that prevent skin flap apoptosis, however,

many additional are needed.

2.2.5. Angiogenesis

There is limited blood supply during skin flap transplantation, and the flap boundary far from the main blood vessels is

easily necrotic after transplantation. For that reason, angiogenesis of the skin flap becomes the biggest problem to solve.

Skin flap researchers have investigated various flap survival ones, mainly focusing on angiogenesis. Improving blood

supply by increasing new blood vessel formation and establishing a new capillary network can improve the survival of the

flap. Angiogenesis is a process of new blood vessel formation from the pre-existing vasculature, which mainly occurs

when tissues need sufficient nutrients and oxygen supply . It is regulated by various molecular pathways, including the

hypoxia-inducible factor-1α (HIF-1α)/VEGF pathway . HIF-1 is a critical nuclear transcriptional regulator that promotes

angiogenesis and is an important target for a variety of therapies. Under hypoxic conditions, hydroxylation is inhibited and

HIF-1α is accumulated. It induces transcription by interacting with hypoxia-response elements in the promoters of oxygen-

sensitive genes such as VEGF, platelet-derived growth factor, and angiogenin . Angiogenesis in skin flap animal

models includes histopathological assessment (e.g., hematoxylin and eosin staining), immunohistochemical staining (for
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example, CD31 and von Willebrand factor), and protein and RNA expression of angiogenesis-related factors. The

microvessel density is determined by the number of microvessels per unit area in randomly selected fields under light

microscopy. The laser doppler flowmetry measures the capillary blood flow of the skin non-invasively, so it can

continuously evaluate the survival of the skin flap without animal sacrifice . The microvascular structure of the flap can

be clearly seen in the X-ray image through systemic angiography .

It was found that several ones improved skin flap survival by promoting angiogenesis. Yu et al. reported that ADSCs

improve flap survival by increasing the expression of HIF-1α and VEGF and inducing angiogenesis by regulating the HIF-

1α/VEGF pathway . VEGF administration includes the direct injection of exogenous VEGF into the skin flap end or

gene therapy using viral vectors. Administration of exogenous VEGF or VEGF-viral vector to the flap significantly

increased flap survival and blood vessel density, thereby improving the survival rate of the skin flap . However, It

was recognized that it is challenging to solve the side effect of skin flaps, suppress necrosis, and improve flap survival.

Therefore, combining biomaterials or other treatment methods instead of applying a single substance such as exogenous

VEGF injection seems more effective and promising. In particular, since angiogenesis is regulated by complex pathways

and signals, more preclinical and clinical researches are needed to identify it.
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