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1. SUMMARY  
Despite a steady improvement of surgical techniques, ischemic tissue damage still remains a 

relevant problem. This holds true in particular in plastic surgery, as the field deals with 

extensive soft tissue defects. Reconstructive procedures often undermine large surface areas 

to mobilize the tissue and create surgical flaps for defect closure. Despite prudent preoperative 

planning, the necessary dissection can influence the flaps’ microcirculation in a detrimental 

fashion. Due to an impaired microcirculation, tissue areas distal to the arterial inflow are at risk 

of ischemia and related complications, such as wound breakdown, wound dehiscence or tissue 

necrosis. Subsequent complex local wound care or surgical revisions prolong hospitalization 

and increase patient morbidity. This not only has great socioeconomic consequences in 

general, but also a negative impact for each individual patient.  

When a sudden critical restriction of blood supply to an organ or tissue occurs, ischemia forces 

the cellular metabolism to slow down. Finally, it will stop completely due to a lack of nutrients 

and oxygen. While a transitory ischemia can be tolerated by the tissue for a certain period of 

time, it will eventually lead to an increased microvascular permeability, a hypoxia-induced 

inflammatory reaction and ultimately cell death. Associated tissue edema, immune cell 

invasion and microvascular thrombosis aggravate the local situation, leading to tissue 

necrosis. 

Besides maintaining microperfusion, several therapeutic strategies have been proposed in the 

past to increase flap survival. They include the induction of angiogenesis, the reduction of the 

inflammatory reaction and the improvement of the ischemic tolerance by directly suppressing 

apoptosis. In the present thesis, three different tissue-protective approaches have been 

evaluated in a random pattern flap model in dorsal skinfold chambers. Using repeated intravital 

fluorescence microscopy, blood vessel formation, nutritive blood perfusion and flap necrosis 

were assessed.  

The first study explored dietary restriction in the form of intermittent fasting as a conditioning 

strategy for musculocutaneous flaps, as it has previously been shown to have protective effects 

and counteract ischemia-induced necrosis in various tissues. Adult male C57BL/6N mice were 

separated into a fasting group and a control group with unlimited access to standard pellet 

chow at random. A perioperative fasting regimen alternating 8 hours of unrestricted access to 

food with 16 hours of fasting was implemented for the treatment group. Intermittent fasting was 

performed starting 7 days before surgical flap elevation and was continued up to the third 

postoperative day. Intravital fluorescence microscopy was carried out 1, 3, 5, 7 and 10 days 
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after surgery. After the in vivo observation period, additional histological and 

immunohistochemical analyses were performed on the flap tissue. In comparison with the 

control animals, the intermittent fasting group exhibited more angiogenic vessel sprouts, a 

higher density of functional capillaries within the tissue and a significantly lower rate of flap 

necrosis overall. Furthermore, the analysis of different inflammatory cell subtypes in the flap 

tissue of fasted animals by means of immunohistochemical staining showed a markedly lower 

number of myeloperoxidase (MPO)-positive neutrophilic granulocytes invading the tissue as a 

sign of a decreased inflammatory reaction. 

In the second study, the effects of the anti-inflammatory phytochemical bromelain on 

ischemic flap tissue were assessed. Adult C57BL/6N mice were randomly separated into a 

control group and a bromelain treatment group. Starting 1 hour before flap elevation, the 

animals received daily doses of 20 mg/kg bromelain or saline (control) by means of 

intraperitoneal injection throughout a 10-day observation period. The previously described 

dorsal skinfold chamber model with musculocutaneous flaps was used and intravital 

microscopy was performed over a period of 10 days after surgery. Additional histological and 

immunohistochemical analyses were performed on the flap tissue, which was harvested after 

the last microscopy. Bromelain was able to increase the survival of the critically perfused flap 

tissue by ~25%. Moreover, the analyzed musculocutaneous flaps also exhibited a significantly 

higher density of functional capillaries after bromelain treatment. In addition, more angiogenic 

vessel sprouts had developed in the transition zone between vital and necrotic tissue of treated 

animals in comparison with control animals. Subsequent immunohistochemical analyses 

revealed fewer invading MPO-positive neutrophilic granulocytes, as well as significantly less 

cleaved caspase (Casp)3-positive apoptotic cells in the transition zone of bromelain-treated 

musculocutaneous flaps. Thus, bromelain reduces flap necrosis most probably by maintaining 

nutritive blood flow to the tissue and suppressing ischemia-induced inflammation and apoptotic 

cell death.  

In the third study, adipose tissue-derived microvascular fragments were injected into 

ischemically challenged random pattern musculocutaneous flaps to study their tissue-

protective effects. Wild-type mice were equipped with dorsal musculocutaneous flaps that were 

mounted into dorsal skinfold chambers. These flaps were subsequently injected with 

microvascular fragments freshly isolated from green fluorescent protein (GFP)-positive donor 

mice or with saline solution (control). Due to this GFP crossover design the transplanted 

microvascular fragments could be tracked after their injection. Intravital fluorescence 

microscopy was performed to quantitatively assess blood vessel formation, nutritive blood 

perfusion and flap necrosis rate. The flap tissue was analyzed by means of histology and 

immunohistochemistry after completion of the in vivo experiments. After the injection of 
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microvascular fragment, the flaps displayed a markedly reduced rate of tissue necrosis of 

~30% when compared to controls (~50%). Flaps injected with microvascular fragments also 

exhibited a significantly higher functional capillary density and a higher number of angiogenic 

vessel sprouts in the transition zone between vital and necrotic flap tissue when compared to 

controls. Immunohistochemical analyses in flaps injected with microvascular fragments 

showed a significantly lower number of Casp3-positive apoptotic cells in the transition zone, 

as well as a markedly increased number of CD31-positive microvessels in both the flaps’ base 

and transition zone. Of note, GFP staining revealed that a percentage of up to ~10% of the 

microvessels was GFP-positive and originated from injected microvascular fragments. These 

findings indicate that microvascular fragments increase flap survival by improving nutritive 

blood perfusion and decreasing apoptotic cell death. 

Taken together, different therapeutic strategies to decrease flap necrosis in random pattern 

musculocutaneous flaps were explored in the present thesis. As flap surgery is a versatile 

surgical technique with various indications, different tissue-protective approaches may be 

useful in varying clinical scenarios. Dietary restriction and phytochemical treatment may be 

best suited in an elective setting, as they seem to be most effective when applied before flap 

elevation. They are very cost-effective and carry few risks for the patient. Injection of 

microvascular fragments on the other hand, may be more useful in an acute setting, because 

the short isolation time offers the possibility for an intraoperative single-step application. 

Further research is warranted to confirm the results of this thesis and translate them into clinical 

practice. However, the examined approaches show potential for protecting ischemic flap tissue 

from necrosis and, thus, may help to reduce ischemia-related flap complications in the future.  
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2. ZUSAMMENFASSUNG 
Trotz der stetigen Verbesserung der angewandten Operationstechniken sind ischämische 

Gewebeschäden vor allem in der Plastischen Chirurgie ein relevantes Problem, da diese 

Disziplin sich mit der Deckung großer Weichteilschäden beschäftigt. Rekonstruktive 

Operationen unterminieren hierbei oft größere Flächen, um Gewebe zu mobilisieren und 

chirurgische Lappen zu heben. Trotz umsichtiger präoperativer Planung kann die notwendige 

Dissektion die Gewebemikroperfusion negativ beeinflussen. Auf Grund der kritisch 

eingeschränkten Mikroperfusion sind die Lappenanteile distal der arteriellen Versorgung 

anfällig für Gewebeischämien und die daraus resultierenden Wundkomplikationen wie 

Dehiszenzen oder Nekrosen. Nachfolgend notwendige komplexe lokale Wundpflege und 

chirurgische Revisionen erhöhen sowohl die Hospitalisierungsdauer als auch die 

Patientenmorbidität. Neben den negativen Auswirkungen für den einzelnen Patienten stellen 

auch die resultierenden sozioökonomischen Konsequenzen ein großes Problem dar.  

Während der Ischämie, welche als plötzlich einsetzende, kritische Restriktion der 

Blutversorgung eines Gewebes oder Organs definiert ist, verlangsamt sich der 

Zellstoffwechsel und kommt letztendlich auf Grund des Sauer- und Nährstoffmangels zum 

Erliegen. Eine zeitweilige Ischämie kann vom Gewebe toleriert werden, führt jedoch langfristig 

zu einer erhöhten mikrovaskulären Permeabilität, einer Hypoxie-induzierten 

inflammatorischen Reaktion, sowie schlussendlich zum Zelltod. Ödembildung, die Invasion 

von Immunzellen ins Gewebe und mikrovaskuläre Thrombosen beeinträchtigen die lokale 

Situation weiter und führen schließlich zum Gewebeuntergang.  

Neben der Aufrechterhaltung der Gewebemikroperfusion sind in der Vergangenheit diverse 

therapeutische Strategien zur Verbesserung des Lappenüberlebens untersucht worden. 

Hierzu zählen die die Induktion der Angiogenese, die Reduktion der inflammatorischen 

Gewebereaktion und die Verbesserung der Ischämie-Toleranz durch die Unterdrückung von 

Apoptose. Mit der vorliegenden Doktorarbeit wurden drei gewebeprotektive Ansätze in einem 

randomisiert perfundierten Lappenmodell in der Rückenhautkammer evaluiert. Zur 

quantitativen Beurteilung der Angiogenese, der nutritiven Blut-Perfusion und der Lappen-

Nekrose wurden wiederholte intravitale Fluoreszenzmikroskopien durchgeführt.  

In der ersten Studie wurde eine diätetische Restriktion in Form von intermittierendem Fasten 

als Konditionierungsverfahren für muskulokutane Gewebelappen evaluiert, da in der 

Vergangenheit gezeigt wurde, dass intermittierendes Fasten verschiedene Gewebe vor 

Ischämie-induzierter Nekrose schützt. Ausgewachsene männliche C57BL/6N Mäuse wurden 
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zufällig in eine Fasten-Gruppe und eine Kontrollgruppe eingeteilt. Die Kontrollgruppe hatte 

unbegrenzten Zugang zu Standard Pellet-Futter, Fasten-Tiere wurden einem perioperativen 

Fastenregime unterzogen, bei dem 8 Stunden ungehinderter Zugang zu Pellet-Futter mit 16 

Stunden Fasten alterniert wurden. Das Fasten-Regime wurde 7 Tage vor der Lappenhebung 

begonnen und bis zum 3. postoperativen Tag fortgesetzt. Intravitale Fluoreszenzmikroskopien 

wurden an Tag 1, 3, 5, 7 und 10 nach Lappenhebung durchgeführt. Nach der in vivo 

Beobachtungsperiode wurde das Lappengewebe asserviert und zusätzliche histologische und 

immunhistochemische Analysen durchgeführt. Die Fasten-Gruppe zeigte hierbei im Vergleich 

zu Kontrolltieren eine größere Anzahl neu entstandener angiogener Gefäßsprossen, eine 

höhere funktionelle Kapillardichte im Lappengewebe und signifikant weniger Lappennekrose. 

Zusätzlich wurden in der immunhistochemischen Färbung unterschiedlicher 

Immunzellsubtypen in Fasten-konditionierten Lappen eine deutlich reduzierte Anzahl von ins 

Gewebe migrierenden Myeloperoxidase (MPO)-positiven neutrophilen Granulozyten 

nachgewiesen. Dies spricht für eine reduzierte entzündliche Gewebereaktion.  

In der zweiten Studie wurde die anti-inflammatorische Phytosubstanz Bromelain und deren 

Effekt auf ischämisches Lappengewebe untersucht. Ausgewachsene C57BL/6N Mäuse 

wurden zufällig in eine Bromelain-Behandlungsgruppe und eine Kontrollgruppe unterteilt. Die 

Tiere erhielten täglich 20 mg/kg Bromelain oder Kochsalzlösung (Kontrollen) mittels 

intraperitonealer Injektion während der gesamten Beobachtungsperiode. Die erste Injektion 

wurde hierbei eine Stunde vor der Lappenhebung durchgeführt. Das bereits beschriebene 

Lappenmodell in der Rückenhautkammer wurde auch für diese Studie verwendet. Dabei 

wurden bis zum 10. Tag nach Lappenhebung wiederholte intravitale Fluoreszenzmikroskopien 

durchgeführt. Nach der letzten Mikroskopie wurde das Lappengewebe für histologische und 

immunhistochemische Untersuchungen asserviert. Bromelain konnte hierbei das Überleben 

des kritisch durchbluteten Lappengewebes um ~25 % erhöhen. Die behandelten Lappen 

wiesen im Vergleich zu unbehandelten Kontrollen außerdem eine signifikant erhöhte 

funktionelle Kapillardichte sowie eine höhere Anzahl neu gebildeter Mikrogefäße in der 

Transitionszone zwischen vitalem und nekrotischem Lappengewebe auf. Nachfolgende 

immunhistochemische Analysen konnten außerdem eine deutlich verminderte Anzahl MPO-

positiver neutrophiler Granulozyten und cleaved Caspase (Casp)3-positiver apoptotischer 

Zellen in der Transitionszone Bromelain-behandelter Lappen nachweisen. Diese 

Untersuchungen zeigen, dass Bromelain die Lappennekrose reduziert und dass dies am 

Ehesten durch das Aufrechterhalten der nutritiven Perfusion und die Reduktion der Ischämie-

induzierten inflammatorischen Gewebereaktion sowie des apoptotischen Zelluntergangs 

bewirkt wird.  
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In der dritten Studie wurden aus Fettgewebe isolierte mikrovaskuläre Fragmente in 

randomisiert perfundierte Lappen injiziert, um deren Effekt auf das Lappenüberleben zu 

analysieren. Auf dem Rücken von Wildtyp Mäusen wurden randomisiert perfundierte Lappen 

gehoben und in Rückenhautkammern eingebracht. In die Lappen wurden mikrovaskuläre 

Fragmente injiziert, welche zuvor aus green fluorescent protein (GFP)-positivem Spenderfett 

isoliert wurden. Für Kontrolltiere wurde Kochsalzlösung zur Injektion verwendet. Durch die 

Verwendung von GFP-positiven mikrovaskulären Fragmenten und GFP-negativen 

Empfängertieren konnte auch der Ursprung der perfundierten Blutgefäße im Lappengewebe 

untersucht werden. Mit Hilfe intravitaler Fluoreszenzmikroskopien wurden quantitativ die 

Angiogenese, die nutritive Perfusion und die Lappennekrose analysiert. Die Lappen wurden 

nach dem Abschluss des zehntägigen Beobachtungszeitraums zusätzlich mittels 

histologischer und immunhistochemischer Techniken untersucht. Nach der Injektion der 

mikrovaskulären Fragmente wiesen die Lappen eine deutlich verringerte Gewebsnekroserate 

von ~30 % im Vergleich zu den Kontrollen (~50 %) auf. Lappen, denen mikrovaskuläre 

Fragmente injiziert wurden, wiesen im Vergleich zu den Kontrollen auch eine signifikant höhere 

funktionelle Kapillardichte und eine höhere Anzahl angiogener Gefäßsprossen in der 

Übergangszone zwischen vitalem und nekrotischem Lappengewebe auf. Mittels 

immunhistochemischer Färbungen wurde eine deutlich niedrigere Anzahl Casp3-positiver 

apoptotischer Zellen in der Transitionszone behandelter Lappen nachgewiesen. Die Anzahl 

CD31-positiver Mikrogefäße war sowohl in der Lappenbasis als auch der Transitionszone im 

Vergleich zu den Kontrolltieren erhöht. Der immunhistochemische Nachweis von GFP zeigte 

für bis zu ~10% der Mikrogefäße einen Ursprung aus mikrovaskulären Fragmenten. Diese 

Ergebnisse zeigen, dass die injizierten mikrovaskulären Fragmente das Lappenüberleben 

durch die Verbesserung der nutritiven Perfusion und die Reduktion der Apoptose erhöhen 

können.  

In der vorliegenden Arbeit werden unterschiedliche therapeutische Ansätze zur Reduktion von 

Lappennekrosen in randomisiert perfundierten Haut-Muskel-Lappen untersucht. Da es sich bei 

der Lappenchirurgie um eine vielseitig einsetzbare Technik mit vielen verschiedenen 

Indikationen handelt, könnten Gewebe-protektive Strategien in diversen klinischen Szenarios 

von großem Nutzen sein. Diätetische Restriktion und Phytochemikalien könnten im elektiven 

Setting nützlich sein, da sie am wirksamsten sind, wenn die Anwendung vor der 

Lappenhebung begonnen wird. Sie sind hierbei sehr kosteneffizient und mit geringen Risiken 

für den Patienten verbunden. Die Injektion von mikrovaskulären Fragmenten hingegen könnte 

in einem akuten Setting besser geeignet sein, da die kurze Isolierungszeit eine intraoperative, 

einzeitige Anwendung ermöglicht. Weitere Forschung ist erforderlich, um die in dieser Arbeit 

gewonnenen Daten zu verifizieren und sie in den klinischen Alltag zu übertragen. Die 
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untersuchten Ansätze haben jedoch das Potenzial, ischämisches Lappengewebe vor Nekrose 

zu schützen und könnten somit in Zukunft wesentlich dazu beitragen, Ischämie-bedingte 

Lappenkomplikationen zu vermeiden.
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3. INTRODUCTION 
Surgical flaps are defined as a unity of tissue consisting of one or more tissue subtypes that is 

raised on a vascular axis supplying the required blood perfusion (Chase, 1986). The use of 

tissue flaps for the reconstruction of soft tissue defects is a technique that has defined the field 

of plastic surgery from its very beginnings. The “father of plastic surgery” Sushruta described 

a technique for nasal reconstruction using a paramedian forehead flap as early as 1000-800 

BC in ancient India (Champaneria et al., 2014). Due to the increased understanding of the 

human anatomy and the growing need for plastic and reconstructive surgery caused by both 

world wars and other historic events, surgical techniques continued to be refined. This 

development resulted in the use of free flaps among other examples, ultimately made possible 

by the construction and use of surgical microscopes in the 1960ies (Fang & Chung, 2014).  

Several classifications for flaps are currently in use, which makes the nomenclature confusing. 

They can be subdivided according to the contained tissue, such as cutaneous, 

musculocutaneous or osteocutaneous flaps. A variety of composite flaps have been described 

to meet the specific needs of the defect (Goodman, 1988), true to one of the basic principles 

of plastic surgery to replace “like with like” (Gillies, 1957). Depending on the proximity of the 

donor site to the defect, flaps are also classified into local, regional and distant flaps. A local 

flap is raised directly adjacent to the defect and remains attached at the donor site on one 

border or pedicle, thus containing the vessels that supply the flaps’ blood perfusion. A regional 

flap is another method of reconstruction, whereby tissue is obtained from an area slightly 

further away from the tissue surrounding the defect, such as the use of tissue from the chest 

wall to reconstruct a defect in the neck or cheek. Lastly, distant flaps are characterized by a 

larger distance between the donor and the recipient site. Nowadays, they are usually 

performed as free flaps, meaning that the blood vessels feeding the flap tissue are completely 

disconnected from their blood supply and then immediately re-connected to a recipient vessel 

by surgical anastomosis. The somewhat outdated method of delayed distant flaps requires the 

flap tissue to be transiently attached to both the donor site and the recipient site. The delayed 

flap is then detached from the donor site once perfusion from the recipient site is established 

by newly ingrown vessels. This complex and time-consuming method has become reserved 

for niche indications and very specific cases, though it is still in clinical use today.  

Arguably the most important flap classification is the division according to the blood supply. If 

no specific blood vessel is included into the flap, blood perfusion must be supplied by the 

dermal plexus and small musculocutaneous arteries at random and is therefore called a 

random pattern flap (Fig. 1). Milton (1970) proved that the extent of perfusion captured within 
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the given flap territory is vital for its survival. Based on these findings, certain width-to-length 

ratios have been used to plan tissue flaps and minimize the risk of ischemic tissue damage. 

Once individual subcutaneous vessels with a relatively predictable orientation were identified, 

the concept of the axial pattern flap was established (McGregor & Morgan, 1973) (Fig. 1). This 

type of flap allowed for more complex reconstructive surgeries, as slightly larger tissue flaps 

could be raised. If the axial vessel is not transected, the flap is considered a pedicled flap. If 

the vessel is severed and microsurgical vascular anastomosis is performed, it becomes a free 

flap.  

 

 
Figure 1: Schematic depiction of the blood vessels included in 
an axial pattern flap and a random pattern flap.  

 

Despite the development of more sophisticated flap designs, random pattern flaps continue to 

be relevant due to their availability and ease of use. Local flaps may be utilized across the 

body for defects following oncologic resection, trauma or burn reconstruction. Furthermore, 

they provide a very good color and texture match and comply with Gillies’ principles of 

replacing “like with like” due to the immediate proximity to the defect (Gillies, 1957). Moreover, 

they are associated with a fairly low donor site morbidity. Despite the mentioned advantages, 

many factors can influence the surgical outcome negatively. Patient characteristics that may 

affect the blood supply to the surgical site include medications, comorbidities and behaviors 

(i.e. active tobacco and alcohol use). Diabetes, hypertension, liver failure, renal failure, immune 

suppression, bleeding disorders and inflammatory skin conditions are just some examples for 

possibly harmful underlying conditions (Delaney et al., 2011). Moreover, certain anatomic 

locations like the groin and the lower extremity are more prone to delayed healing or infection, 
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which increases the risk of an insufficient tissue perfusion. The understanding of the cellular 

and molecular mechanisms causing ischemic flap complications and strategies for their 

possible prevention have therefore remained an important area of research over the last 

decades.  

Tissue survival depends on several crucial factors, including the severity of ischemia, the 

duration before nutrient blood flow is re-established and the extent of the inflammatory tissue 

reaction. Once the tissue is no longer adequately supplied with oxygen and nutrients, cellular 

hypoxia causes an insufficient ATP production, which subsequently hinders ion pump function. 

Accumulating Na+, Ca+ and H+ ions together with the occurring anaerobic glycolysis slowly 

lead to cellular acidification. Additionally, water follows the osmotic gradient (Kalogeris et al., 

2014). As the cells swell and eventually burst, cell organelles start to disintegrate. If the outer 

mitochondrial membrane is damaged, proapoptotic factors are released into the cytoplasm, 

where they start the apoptotic cascade. The dying cells release endogenous danger signals 

called damage-associated molecular pattern molecules (DAMPs) to activate the innate 

immune system (Tang et al., 2012). The attracted immune cells, in turn, trigger the apoptotic 

cascade via extracellular receptors, amplifying tissue destruction. On a macroscopic level this 

manifests as partial or total necrosis of the flap.  

In the past, insufficient arterial inflow into the flap due to poor preoperative planning alone was 

made responsible for tissue necrosis of the distal flap tissue. Further insights into flap 

physiology, however, have shed more light onto other involved pathomechanisms. 

Vasospasms caused by adrenergic denervation can prevent sufficient tissue oxygenation 

despite sufficient vasculature being included into the flap base (Richards et al., 1985). 

Catecholamines are released from the nerve terminal without further catecholamine reuptake 

when a sympathetic nerve is severed. This hyperadrenergic state then causes vasoconstriction 

mediated by α-adrenergic receptors in the cutaneous vasculature. Vasospasms may last up to 

48 hours until transmitters are depleted and the concentration of norepinephrine declines. 

Moreover, depending on the affected vessels, arteriovenous shunting can occur and prevent 

sufficient tissue oxygenation even if sufficient blood flow is present in the distal areas of the 

flap (Reinisch, 1974). Furthermore, the surviving length of the flap depends on various 

properties of the supplying vessels including the perfusion pressure. If this pressure drops 

below the pressure in the interstitial space, microvessels collapse and tissue microperfusion 

ceases (Lucas, 2017). This effect can be aggravated by an impaired lymphatic drainage as the 

reduction of lymphatic drainage due to flap elevation results in a further increase of interstitial 

pressure. This effect is sometimes worsened by the capillary leak caused by the inflammatory 

reaction. After flap elevation, histamine, serotonin and kinins are released into the extracellular 

compartment, increasing microvessel permeability. This increases the concentration of 
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proteins and cells within the extracellular space. The edema increases the diffusion distances 

between cells and constitutes a direct barrier to diffusion. The pro-inflammatory cytokines 

released by dying cells also cause an invasion of circulating immune cells into the tissue, 

creating a vicious circle.  

If perfusion is reestablished in time to prevent necrosis, the sudden return of oxygen to the 

ischemic tissue can paradoxically result in additional tissue damage, the so-called ischemia-

reperfusion injury (Eltzschig & Eckle, 2011; Wang et al., 2011). During the reperfusion phase, 

the return of blood perfusion to ischemic tissue supplies oxygen through erythrocytes. 

Simultaneously, the production of reactive oxygen species (ROS) escalates due to decreased 

levels of antioxidative agents within the ischemic cells. Even though ROS are produced to a 

certain extent during ischemia, the surge of oxygen and the associated sudden increase of 

ROS contribute to the oxidative stress (Bozkurt et al., 2019). Once the excess of ROS can no 

longer be eliminated by antioxidant molecules and enzymes, they damage the cell due to 

endothelial dysfunction and DNA impairment. In addition, the restoration of the microcirculation 

flushes even more inflammatory cells into the flap. These cells obstruct microvessels, secrete 

proteolytic enzymes like collagenase or myeloperoxidase (MPO) and produce ROS that add 

to the existing oxidative stress. Oxidative stress and inflammatory cascades subsequently 

induce a sudden rush of cytokines, damaging cellular structures and ultimately resulting in cell 

death. 

In random pattern flaps, but also in the border areas of axial pattern flaps, the decline in 

perfusion pressure intensifies with the growing distance from the base of the flap or the 

vascular axis, respectively. When perfusion is critically reduced, the adjacent vascular 

territories provide a low-pressure blood supply through the subdermal plexus to keep the 

ischemic cutaneous tissue alive. In random pattern flaps the remodeling of these emergency 

channels into a sufficient vascular system and the formation of new microvessels, i.e. 

angiogenesis, between the transposed flap and the recipient wound bed can counteract tissue 

ischemia. However, these processes may take several days and are often too late to prevent 

tissue necrosis. 

Angiogenesis requires the interaction of endothelial cells and perivascular cells and is 

regulated by several interacting pro- and anti-angiogenic factors (Neri et al., 2015). A hypoxic 

stimulus causes existing vessels to dilate and become permeable, as it decreases the 

endothelial junctions between cells, causing them to retract. Proteases then dissolve the 

basement membrane and the endothelial cells migrate towards the angiogenic stimulus. 

Capillary sprouts form, as endothelial cells proliferate and pericytes, as well as fibroblasts 

migrate to stabilize the budding vessels.  
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Besides maintaining microperfusion, several therapeutic strategies have been proposed in the 

past to increase flap survival. Concepts include improving the ischemic tolerance by directly 

suppressing apoptosis, reducing the inflammatory reaction and inducing angiogenesis. One of 

the earliest known concepts is performing a so-called surgical delay (Reinisch, 1974; Altınel et 

al., 2019). Flap elevation is performed in a stepwise manner over the course of about two 

weeks to create a hypoxic stimulus for the induction of angiogenesis. This time-consuming and 

very invasive form of preconditioning never found its way into clinical routines. However, based 

on the concept of introducing a sublethal stressor to prepare the tissue for ischemia, several 

other forms of tissue conditioning have been developed. Examples include remote ischemic 

preconditioning (Zahir et al., 1998; Küntscher et al., 2005), physical stimuli, such as shock 

waves (Tobalem et al., 2013) or local heat (Harder et al., 2004a), and pharmacological 

conditioning using substances like erythropoietin (Schmauss et al., 2019) or anti-neoplastic 

agents (Askar et al., 2006). Though some strategies showed promising results in preclinical 

animal studies, they may be associated with significant adverse effects, hindering their 

implementation in the daily clinical setting. For instance, while anti-neoplastic agents can 

increase flap survival in rats, they also potentially lead to cardiotoxic, nephrotoxic or 

hepatotoxic effects (Patil et al., 2008; Hanna et al., 2014; Prasanna et al., 2020). Similarly, the 

necessity for specialized equipment rendered some of the proposed approaches impractical. 

Therefore, the search for simple, cost-effective and safe methods to prevent complications 

related to tissue ischemia remains ongoing. 

In the present thesis, three different approaches to protect the ischemic tissue from necrosis 

were analyzed in a murine random pattern flap model within dorsal skinfold chambers. 

Following flap elevation, repeated intravital fluorescence microscopy was performed to 

quantitatively assess blood vessel formation, nutritive blood perfusion and flap necrosis. To 

further investigate the underlying mechanisms, additional histological and 

immunohistochemical stainings were performed in each study.  

In the first study, intermittent fasting (IF) was chosen as a tissue conditioning strategy. This 

subtype of dietary restriction (DR) was selected based on previous research that had shown 

tissue-protective effects induced by short-term fasting interventions. Male C57BL/6N mice 

were divided into an IF-group undergoing perioperative DR and a control group with free 

access to standard pellet chow. The fasting regimen applied to IF-animals alternated 8 hours 

of unrestricted access to food with 16 hours of fasting. IF was performed starting 7 days before 

flap elevation up to 3 days after surgery. Intravital fluorescence microscopy was performed on 

day 1, 3, 5, 7 and 10 after flap elevation. At the end of the in vivo observation period, the 

animals were killed after the last microscopy by cervical dislocation. Flap tissue samples were 

collected to perform additional histological and immunohistochemical analyses. IF-treated 



Introduction 

 
 

13 

flaps displayed a significantly lower rate of tissue necrosis, more newly formed microvessels 

and a higher density of functional capillary vessels when compared to controls. Furthermore, 

the performed immunohistochemical analysis of different inflammatory cell subtypes showed 

that fewer MPO-positive neutrophilic granulocytes had invaded the musculocutaneous flap 

tissue of IF-treated animals as a sign of a decreased inflammatory reaction. 

In the second study, the use of phytochemicals as an alternative gentle tissue conditioning 

strategy was evaluated. Phytochemicals represent a promising approach because they are 

widely available and rarely cause unwanted side effects. The anti-inflammatory phytochemical 

bromelain was selected for the potential prevention of ischemia-induced flap tissue necrosis 

and a bromelain treatment group as well as a control group were analyzed using adult 

C57BL/6N mice. Bromelain-treated animals received daily intraperitoneal injections of 20 

mg/kg bromelain while corresponding saline injections were performed in the control group. 

Injections were performed starting 1 hour before flap elevation and were continued for the 

entire 10-day observation period. The previously established dorsal skinfold chamber model 

with musculocutaneous flaps was used and intravital fluorescence microscopy was performed 

on day 1, 3, 5, 7 and 10 respectively. After the last microscopy, flap tissue samples were 

collected for further histological and immunohistochemical analyses. Bromelain treatment was 

able to increase flap survival by ~25%. When compared to controls, the flaps of bromelain-

treated animals displayed a significantly higher density of functional microvessels and more 

newly formed microvessels in the transition zone between vital tissue and necrosis. Moreover, 

immunohistochemical staining showed fewer invading MPO-positive neutrophilic granulocytes 

and a decreased number of Casp3-positive apoptotic cells in the transition zone of bromelain-

treated flaps. The enzyme bromelain is therefore capable of reducing flap necrosis, most 

probably by maintaining the nutritive blood flow and suppressing ischemia-induced 

inflammation and apoptotic cell death.  

In the third study, injection of adipose tissue-derived microvascular fragments (MVF) into 

random pattern musculocutaneous flaps was performed with the intention of accelerating and 

increasing angiogenesis in ischemically challenged flaps to possibly prevent tissue necrosis. 

To trace the fate of the injected MVF after transplantation, a green fluorescent protein (GFP)-

positive/negative crossover design in combination with the dorsal skinfold chamber flap model 

was used. Flaps on the backs of wild-type mice were raised and injected with freshly isolated 

MVF from GFP-positive donor mice, while control animals received saline injections. Intravital 

fluorescence microscopy was subsequently performed for the quantitative assessment of 

microvessel formation, tissue blood flow and flap necrosis. The flap tissue was additionally 

analyzed by means of histology and immunohistochemistry after the completion of the in vivo 

experiments. MVF injection reduced necrosis of the ischemically challenged flap tissue by 
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~20% and was associated with a significantly higher density of functional capillary vessels and 

number of angiogenic vessel sprouts in the transition zone between vital and necrotic flap 

tissue in comparison with control animals. A markedly decreased number of Casp3-positive 

apoptotic cells in the transition zone of MVF-injected flaps and an increased number of CD31-

positive microvessels in the flaps’ base as well as the transition zone indicated that MVF may 

reduce flap necrosis by suppressing apoptosis, boosting angiogenesis and improving nutritive 

tissue perfusion. Of note, up to ~10% of the microvessels were GFP-positive, thus originating 

from transplanted MVF.  

The present thesis explored different therapeutic strategies to prevent necrosis in ischemically 

challenged random pattern musculocutaneous flaps. Random pattern flaps are a frequently 

used operating technique in the field of plastic surgery. Moreover, the proposed therapeutic 

approaches may also be suitable for the prevention of ischemic tissue damage in the border 

areas of axial pattern flaps or any surgical wound margins with an impaired microperfusion. 

Thus, the presented approaches may be useful in varying clinical scenarios. Dietary restriction 

and phytochemical treatment are very cost-effective and carry few risks for unwanted side 

effects. They may therefore be applicable for a wide range of indications. In the future, the 

strategies may even be combined for a synergistic positive effect on flap survival. MVF injection 

might be more suitable in an acute setting or for patients with factors predisposing them for an 

insufficient angiogenic response to flap ischemia, as the short isolation time offers the 

possibility for intraoperative single-step application and the fragments are able to boost flap 

vascularization. Though further research is warranted to confirm the results of this thesis and 

translate them into clinical routines, the examined approaches showed promising results and 

may help to reduce ischemia-related flap complications in the future.
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4. AIM OF THE THESIS 
In the past, several mechanisms including the induction of angiogenesis or the suppression of 

an inflammatory reaction have been identified and used to increase tissue survival in surgical 

flaps. The aim of the present thesis was to explore novel potential strategies to increase tissue 

survival by targeting these tissue-protective mechanisms.  

In the first study, published in 2023 in Plastic and Reconstructive Surgery, the hypothesis 

that IF as a form of dietary restriction can decrease flap necrosis was evaluated in a murine 

dorsal skinfold chamber model. The following questions were addressed:  

§ Does IF treatment reduce flap necrosis and maintain microperfusion in random 

pattern musculocutaneous flaps?  

§ Do IF-treated flaps exhibit a lower amount of invading neutrophilic granulocytes 

in the transition zone between viable and necrotic flap tissue?   

§ Do IF-treated flaps show higher amounts of newly formed capillaries in the 

transition zone between viable and necrotic flap tissue?  
§  

In the second study, published in 2022 in Biomedicines, the phytochemical compound 

bromelain was assessed for its efficacy to prevent ischemia-induced flap necrosis in a murine 

dorsal skinfold chamber model. The following questions were addressed: 

§ Does bromelain treatment reduce flap necrosis and maintain microperfusion in 

random pattern musculocutaneous flaps?  

§ Do bromelain-treated flaps exhibit a lower amount of invading neutrophilic 

granulocytes in the transition zone between viable and necrotic flap tissue?   

§ Does bromelain treatment suppress apoptosis within the transition zone 

between viable and necrotic flap tissue?  

§ Do bromelain-treated flaps show a higher amount of newly formed microvessels 

within their tissue? 
§  

In the third study, published in 2023 in Biomedicines, MVF were injected into 

musculocutaneous flaps within dorsal skinfold chambers. To clarify the fate of the MVF after 

injection, GFP-positive donor animals were used. The following questions were addressed: 

§ Do MVF injections reduce flap necrosis and maintain microperfusion in random 

pattern musculocutaneous flaps?  

§ Do MVF-injected flaps exhibit higher amounts of newly formed capillaries in the 

transition zone between viable and necrotic flap tissue?  
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§ Do the injected MVF survive the transplantation as evidenced by the presence 

of GFP-positive microvessels within the flap tissue?  

§ Do MVF injections suppress apoptosis within the transition zone between viable 

and necrotic flap tissue?  

§ Do MVF injections influence the inflammatory reaction within the transition zone 

between viable and necrotic flap tissue?  
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Abstract: Bromelain has previously been shown to prevent ischemia-induced necrosis in different
types of tissues. In the present study, we, therefore, evaluated for the first time, the tissue-protective
effects of bromelain in musculocutaneous flaps in mice. Adult C57BL/6N mice were randomly
assigned to a bromelain treatment group and a control group. The animals were treated daily with
intraperitoneal injections of 20 mg/kg bromelain or saline (control), starting 1 h before the flap
elevation throughout a 10-day observation period. The random-pattern musculocutaneous flaps
were raised on the backs of the animals and mounted into a dorsal skinfold chamber. Angiogenesis,
nutritive blood perfusion and flap necrosis were quantitatively analyzed by means of repeated
intravital fluorescence microscopy over 10 days after surgery. After the last microscopy, the flaps
were harvested for additional histological and immunohistochemical analyses. Bromelain reduced
necrosis of the critically perfused flap tissue by ~25%. The bromelain-treated flaps also exhibited
a significantly higher functional microvessel density and an elevated formation of newly devel-
oped microvessels in the transition zone between the vital and necrotic tissues when compared
to the controls. Immunohistochemical analyses demonstrated a markedly lower invasion of the
myeloperoxidase-positive neutrophilic granulocytes and a significantly reduced number of cleaved
caspase 3-positive apoptotic cells in the transition zone of bromelain-treated musculocutaneous
flaps. These findings indicate that bromelain prevents flap necrosis by maintaining nutritive tissue
perfusion and by suppressing ischemia-induced inflammation and apoptosis. Hence, bromelain may
represent a promising compound to prevent ischemia-induced flap necrosis in clinical practice.

Keywords: bromelain; phytochemicals; random-pattern flap; necrosis; angiogenesis; nutrition;
microcirculation; dorsal skinfold chamber; intravital fluorescence microscopy

1. Introduction

The use of phytochemicals has a long-standing tradition in health care. Even nowa-
days, they play an important role in treating various ailments due to their high therapeutic
efficiency and acceptability by patients with different pathologies. Up to 50% of the
presently used drugs are based on molecules of natural origins, highlighting the fact that
phytochemicals are still a valuable resource in modern medicine [1,2].

The enzyme complex bromelain is obtained from pineapple stems (Ananas comosus)
and represents one example of a well-known phytochemical that was initially used as an
over-the-counter anti-inflammatory agent but has now proven to be useful for various other
indications [3–5]. In fact, bromelain has been applied in the therapy of hematomas, rheuma-
toid arthritis, thrombophlebitis, oral inflammation, diabetic ulcers, rectal and perirectal
inflammation, angina pectoris, bronchitis, sinusitis, surgical traumas and pyelonephri-
tis [6,7]. In all these cases, orally administered bromelain could reduce pain and swelling
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and facilitate faster healing [6,8]. The possible mechanisms mediating these beneficial
effects are the dose-dependent modulation of bradykinin secretion [9], an improved mi-
crocirculatory flow due to the fibrinolytic and anticoagulant activity of the enzymes [10],
the downregulation of inflammatory mediators [11] and the modulation of leukocyte–
endothelial cell interactions [12]. Interestingly, bromelain has also been shown to protect
hepatocytes from apoptosis after warm ischemia [13].

Due to the combination of anti-inflammatory, anti-apoptotic and anti-thrombotic
properties, bromelain may be a valuable therapeutic compound to prevent ischemic damage
in tissue flaps. Such flaps can consist of one or more tissue subtypes and are either raised
on a vascular axis or as so-called random-pattern flaps. In the case of the random-pattern
flaps, the blood perfusion is provided by the dermal plexus and/or musculocutaneous
arterioles that pass through the base of the flaps [14]. The decreased arterial inflow places
the tissue zones distant to the flap base at risk for ischemic complications, such as wound
breakdown or necrosis. Depending on their thickness, tissue composition and regions
of the body, random-pattern flaps are, therefore, planned according to certain length-to-
width-ratios [15,16]. Furthermore, comorbidities like diabetes or lifestyle factors, such
as active smoking habits, have to be considered in the planning of a flap. Nonetheless,
despite careful preoperative planning, the occurrence rates of ischemic flap complications
remain high. Pestana et al. [17] reported that in mastectomy flaps, more than 70% of the
examined flaps demonstrated poor perfusion, as assessed by an intraoperative fluorescent
angiography. Wound breakdown and flap necrosis, which results from such inadequate
perfusion, will negatively impact patient morbidity and markedly increase treatment costs.
Hence, promoting flap survival and preventing ischemia-induced tissue damage may
considerably improve the clinical outcome of flap surgery and eventually benefit patient
care in plastic surgery.

In the present study, we, therefore, wanted to analyze whether bromelain exerts
beneficial tissue-protective effects on surgical flaps. For this purpose, we prepared random-
pattern musculocutaneous flaps in the dorsal skinfold chamber of mice and administered
daily 20 mg/kg bromelain or saline (control) by intraperitoneal injection starting 1 h before
the flap elevation throughout a 10-day observation period. Vascularization, inflammation
and flap necrosis were subsequently analyzed using intravital fluorescence microscopy,
histology and immunohistochemistry.

2. Materials and Methods

2.1. Animals
The animal experiments were approved by the local governmental animal protection

committee (permit number: 10/2020) and were conducted in accordance with the European
legislation on the protection of animals (Directive 2010/63/EU) and the NIH Guidelines on
the Care and Use of Laboratory Animals (NIH publication #85-23 Rev. 1985).

A total of 14 male C57BL/6N wild-type mice (Institute for Clinical and Experimental
Surgery, Saarland University, Homburg, Germany) were used for the present study. The
animals had an age of 12–24 weeks and a body weight of 26–30 g. During the experiments,
the animals were kept in individual cages at a room temperature of 22–24 �C, with a relative
humidity of 55–60% and a 12 h day–night cycle. Access to standard pellet chow (Altromin,
Lage, Germany) and tap water was unrestricted.

2.2. Bromelain Treatment
Based on the study of Juhasz et al. [18], a daily intraperitoneal dose of 20 mg/kg

bromelain (Bio Protect BV, Kerkrade, The Netherlands), dissolved in isotonic saline solution,
was chosen for the present study because it has been shown to be effective and well-
tolerated by animals. Seven mice were each randomly assigned to a bromelain group and a
control group, which received daily intraperitoneal saline injections of an equal volume
starting 1 h before the flap elevation throughout a 10-day observation period.
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2.3. Anesthesia
The mice were placed under general anesthesia for the surgical elevation of the flap,

the implantation of the dorsal skinfold chamber, and the subsequent intravital fluorescence
microscopy. For this purpose, the animals received an intraperitoneal injection of ketamine
(100 mg/kg of body weight; Ursotamin®; Serumwerke Bernburg, Bernburg, Germany) and
xylazine (12 mg/kg of body weight; Rompun®; Bayer, Leverkusen, Germany). To prevent
postoperative pain, all animals were additionally treated with subcutaneously injected
buprenorphine hydrochloride (0.01 mg/kg of body weight; Temgesic®; RB Pharmaceuticals
Limited, Slough, UK).

2.4. Dorsal Skinfold Chamber-Flap Model
A musculocutaneous flap was elevated on the back of each animal and mounted

into a dorsal skinfold chamber (Irola Industriekomponenten GmbH & Co. KG, Schonach,
Germany), as described previously in detail [19]. This model allows for repeated intravital
fluorescence microscopy to study the microcirculation within the flap tissue (Figure 1A).
In brief, after depilation of the dorsal skin, a musculocutaneous flap, measuring 15 mm
(width) ⇥ 11 mm (length), was elevated perpendicular to the spine. The lateral wound
margins were sutured back to the wound bed, and the dorsal skinfold, including the
musculocutaneous flap, was fixed to one chamber frame. The second frame was covered
with adhesive insulation foam to adequately seal the chamber and was then mounted to
its counterpart. Accordingly, the flap was finally sandwiched between the two chamber
frames, making it accessible for microscopic imaging through the observation window
of the chamber. The window was subsequently closed with a cover glass that was fixed
by means of a snap ring. Due to the chosen width-to-length-ratio, the distal portion of
the flap was subject to acute persistent ischemia and the tissue developed roughly 50%
necrosis without treatment (Figure 1B). After the preparation, the animals could recover
for 24 h from anesthesia and surgery before the first microscopy. All animals tolerated the
surgical interventions well, as evidenced by their normal food intake and behavior during
the remaining observation period.
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provides microscopic access to the flap tissue, consisting of the panniculus carnosus muscle, subcutis
and cutis. (B) Macroscopic image of the observation window of an untreated control mouse on day 5
after flap elevation, showing three distinct flap zones: a proximal zone consisting of well-perfused
vital tissue, a medial transition zone and a distal necrotic zone. Scale bar: 2 mm. (C) Macroscopic
images of the observation window of an untreated control mouse and a bromelain-treated mouse,
displaying a significant difference in vital (borders marked by dotted line) and necrotic tissue
(asterisks) on day 5 after flap elevation. Scale bar: 2 mm. (D) Necrosis [%] of flaps in bromelain-
treated mice (black circles, n = 7) and untreated controls (white circles, n = 7) on days 1, 3, 5, 7 and 10
after flap elevation, as assessed by intravital fluorescence microscopy and computer-assisted image
analysis. Means ± SEM. * p < 0.05 vs. control.

2.5. Intravital Fluorescence Microscopy
Intravital fluorescence microscopy was performed on days 1, 3, 5, 7 and 10 after the flap

elevation. For this purpose, the anesthetized mice were positioned on a plexiglass stage and
received 0.1 mL of 5% fluorescein isothiocyanate (FITC)-labeled dextran (150,000 Da; Sigma-
Aldrich, Taufkirchen, Germany) in the retrobulbar venous plexus for plasma staining. The
chamber window was then placed under a Zeiss Axiotech fluorescence epi-illumination
microscope (Zeiss, Oberkochen, Germany) and the flap microcirculation was recorded
on DVD for the offline analysis. The microscopy was performed at a constant room
temperature of 22 �C. An overview of the chamber was recorded for the planimetric
measurement of the perfused tissue surface area at the beginning of each microscopy.
Each flap was divided into three observational zones: proximal, medial and distal to the
flap base (Figure 1B). Two regions of interest (ROI) were chosen per zone, containing an
arterio-venous bundle that could be identified by its morphology during each microscopy
for the repeated measurements. Two adjacent capillary fields were recorded per ROI. The
no-longer-perfused ROI were documented with microscopic images for as long as they
could be identified. One ROI was recorded additionally within the medial transition zone
between the perfused and non-perfused tissue to examine the new vessel formation.

The microscopic images were analyzed offline by means of the analysis system, CapIm-
age (Version 8.5, Zeintl, Heidelberg, Germany). The rate of necrosis expressed in % was
determined as 100-(perfused surface area/total chamber surface area ⇥100). Per capillary
field, the functional capillary density (FCD) was measured and expressed in cm/cm2.
Within each ROI, the microhemodynamic parameters were measured in the arterioles,
capillaries and venules. The vessel diameters (D) were measured perpendicular to the
vessel path in µm. Using the line shift method, the centerline red blood cell (RBC) velocity
(V) was assessed [20]. The volumetric blood flow (VQ) was calculated from V and D as

VQ = ⇡⇥
⇣

D
2

⌘2
⇥ V

K with K (=1.6) representing the Baker–Wayland factor considering
the parabolic velocity profile of the blood in microvessels and expressed in pL/s [21].
Angiogenesis within the transition zone was assessed by quantifying the density of newly
formed microvessels, which was expressed in cm/cm2. The newly formed microvessels
could be clearly distinguished by their irregular and entangled configuration from the
straight, parallelly arranged capillaries of the panniculus carnosus muscle [22].

2.6. Histology and Immunohistochemistry
Tissue samples of each flap were fixed in formalin and embedded in paraffin. Three-

µm-thick sections were then sliced off the processed tissue. Hematoxylin and eosin (HE)
staining of individual sections was performed following standard protocol. Sections were
subsequently assessed using a BX60 microscope (Olympus, Hamburg, Germany) and the
imaging software cellSens Dimension 1.11 (Olympus).

For the immunofluorescent detection of microvessels, sections were stained with
a monoclonal rat-anti-mouse antibody against the endothelial cell marker, CD31 (1:100;
dianova GmbH, Hamburg, Germany), and with a polyclonal rabbit-anti-human antibody
against the microvascular smooth-muscle cell marker, ↵-smooth muscle actin (↵-SMA),
(1:100; Abcam, Cambridge, UK) as primary antibodies. A goat-anti-rat IgG-Alexa555
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antibody (1:200; Thermo Fisher Scientific, Karlsruhe, Germany) and a goat-anti-rabbit
IgG-Alexa488 antibody (1:200; Thermo Fisher Scientific) served as the secondary antibodies.
On each section, cell nuclei were stained with Hoechst 33,342 (2 µg/mL; Sigma-Aldrich) to
merge the images exactly. The stained sections served for the assessment of the microvessel
density (all CD31+ microvessels per high-power field (HPF)) and the fraction of CD31+/↵-
SMA+ microvessels (in %) in two randomized HPFs at the flap base (proximal zone) and in
the medial transition zone, where the border between the vital and necrotic tissues was
detectable.

For the immunohistochemical detection of the myeloperoxidase-positive (MPO+)
neutrophilic granulocytes and cleaved caspase (Casp)-3+ cells undergoing apoptosis, ad-
ditional sections were used. Antigens in the samples were demasked by citrate buffer
and the unspecific binding sites were blocked using goat serum. Cells were stained by
incubation with a polyclonal rabbit antibody against MPO (1:100; Abcam, Cambridge,
UK) or a monoclonal rabbit antibody against Casp-3 (1:100; Cell signaling Technology,
Danvers, MA, USA) as primary antibodies, followed by a biotinylated goat anti-rabbit
IgG antibody (ready-to-use; Abcam) as a secondary antibody. The biotinylated antibody
was detected with peroxidase-labeled streptavidin (ready-to-use; Abcam). The used chro-
mogen was 3-amino-9-ethylcarbazole (Abcam). The counterstaining was performed using
Mayer’s hemalum (Merck, Darmstadt, Germany). The stained cells were counted in two
randomized HPFs in the proximal and medial transition zones of the flaps.

2.7. Statistical Analysis
Data were tested for normal distribution and equal variance. Afterwards, the two

groups were analyzed for differences using the unpaired Student’s t-test (GraphPad Prism
9; GraphPad Software, San Diego, CA, USA). A Mann–Whitney rank-sum test was used in
the case of non-parametric data. All values are expressed as means ± standard error of the
mean (SEM) and the statistical significance was accepted for a value of p < 0.05.

3. Results

3.1. Intravital Fluorescence Microscopy
The flap’s survival and perfusion within the dorsal skinfold chambers were ana-

lyzed using repeated intravital fluorescence microscopy. The flaps of bromelain-treated
animals exhibited a significantly lower necrosis rate of ~12–15% throughout the 10-day
observation period when compared to the flaps of untreated controls, which presented
with a necrosis rate of ~39–44% (Figure 1C,D). This lower flap necrosis rate was associated
with a significantly higher FCD in all flap zones over the entire course of the experi-
ments (Figure 2). In the proximal and medial zones of the bromelain-treated flaps, the
FCD was ~250–300 cm/cm2, whereas the distal zone exhibited an FCD of ~200 cm/cm2

(Figure 2A–D). In contrast, the FCD in the proximal and medial zones of untreated flaps
was markedly reduced (~150–200 cm/cm2) and only measurable in the distal zone on day
1 (~85 cm/cm2) (Figure 2A–D).

Additionally, the diameter and centerline RBC velocities in arterioles, capillaries and
venules of the flaps were measured to calculate the volumetric blood flow. In both groups,
this microhemodynamic parameter slightly increased over the course of the observation
period in all vessel types within the proximal and medial zones of the flaps (Table 1). In
line with the data on flap necrosis, no perfused ROIs could be detected in the distal flap
zone in untreated mice after day 1 (Table 1). Noteworthy, the bromelain-treated animals
generally showed higher volumetric blood flows, particularly in the medial zone of the
flaps (Table 1).
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Figure 2. (A) Intravital fluorescent microscopic images of the proximal, medial and distal zones of
flaps in an untreated control mouse and a bromelain-treated mouse on day 5 after flap elevation.
Scale bar: 50 µm. (B–D) FCD [cm/cm2] in the proximal (B), medial (C) and distal zones (D) of flaps
in bromelain-treated mice (black bars, n = 7) and untreated controls (white bars, n = 7) on days 1, 3, 5,
7 and 10 after flap elevation, as assessed by intravital fluorescence microscopy and computer-assisted
image analysis. Means ± SEM. * p < 0.05 vs. control.

The new blood vessel formation was examined in the transition zone between the
vital and necrotic flap tissue throughout the entire observation period. In both groups, the
flap tissue displayed typical changes in the capillary architecture within this zone, starting
on days 3 to 5. The capillaries dilated and exhibited irregular diameters. In addition,
angiogenic sprouts grew out of the pre-existing and horizontally arranged microvessels
(Figure 3A,B). Of note, the density of the neovessels was significantly higher in the flaps of
bromelain-treated mice on days 7 and 10 when compared to the flaps in control animals
(Figure 3C).
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Figure 3. (A) Intravital fluorescent microscopic images of the medial zone of a flap in a bromelain-
treated mouse on day 10. Note the transition zone with dilated vessels (arrows) adjacent to the
necrotic tissue (border marked by a dotted line). Scale bar: 200 µm. (B) Higher magnification of
insert in image A (borders marked by a broken line), which displays angiogenic sprouts (arrowheads)
developing from pre-existing perfused vessels. Scale bar: 50 µm. (C) Neovessels [cm/cm2] in the
medial transition zones of flaps in bromelain-treated mice (black bars, n = 7) and untreated controls
(white bars, n = 7) on days 1, 3, 5, 7 and 10 after flap elevation, as assessed by intravital fluorescence
microscopy and computer-assisted image analysis. (D) CD31+ vessels/HPF in the proximal and
medial zones of flaps in bromelain-treated mice (Brom; black bars, n = 6) and untreated controls (Ctrl;
white bars, n = 7) on day 10 after flap elevation, as assessed by immunohistochemistry. (E) Percentage
of ↵-SMA+ vessels out of all CD31+ vessels per HPF in the proximal and medial zones of flaps in
bromelain-treated mice (Brom; black bars, n = 6) and untreated controls (Ctrl; white bars, n = 7) on
day 10 after flap elevation, as assessed by immunohistochemistry. Means ± SEM. * p < 0.05 vs.
control.
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Table 1. Volumetric blood flow [pL/s] of arterioles, capillaries and venules in the proximal, medial
and distal zones of flaps in untreated control mice (Ctrl; n = 7) and bromelain-treated mice (Brom;
n = 7) on days 1, 3, 5, 7 and 10 after flap elevation, as assessed by intravital fluorescence microscopy
and computer-assisted image analysis. Means ± SEM. * p < 0.05 vs. control.

Volumetric Blood

Flow [pL/s]
d1 d3 d5 d7 d10

Arterioles

proximal Ctrl 458 ± 93 598 ± 158 814 ± 152 1145 ± 230 1272 ± 160

Brom 790 ± 86 * 807 ± 127 960 ± 146 1459 ± 196 1634 ± 160

medial Ctrl 437 ± 96 603 ± 117 733 ± 90 1013 ± 152 1085 ± 159

Brom 687 ± 107 1036 ± 91 * 1302 ± 165 * 1574 ± 120 * 1550 ± 188

distal Ctrl 485 ± 149 - - - -

Brom 538 ± 116 962 ± 237 1141 ± 276 1203 ± 261 1540 ± 248

Capillaries

proximal Ctrl 3 ± 0 3 ± 0 4 ± 1 5 ± 1 6 ± 1

Brom 4 ± 0 4 ± 0 * 4 ± 1 6 ± 1 7 ± 1

medial Ctrl 3 ± 0 3 ± 0 4 ± 1 5 ± 1 6 ± 1

Brom 4 ± 0 4 ± 0 * 4 ± 1 6 ± 1 7 ± 1

distal Ctrl 2 ± 1 - - - -

Brom 2 ± 0 4 ± 0 5 ± 1 6 ± 1 6 ± 1

Venules

proximal Ctrl 383 ± 47 502 ± 89 667 ± 100 776 ± 137 1233 ± 517

Brom 773 ± 87 * 1167 ± 131 * 1570 ± 410 * 1894 ± 536 * 1876 ± 397

medial Ctrl 333 ± 47 452 ± 74 691 ± 140 897 ± 200 779 ± 266

Brom 833 ± 158 * 1265 ± 146 * 1766 ± 389 * 2009 ± 362 * 1650 ± 433

distal Ctrl 146 ± 41 - - - -

Brom 472 ± 171 1012 ± 308 1387 ± 326 1268 ± 301 1859 ± 337

3.2. Histological and Immunohistochemical Analysis
At the end of the in vivo experiments, the flap tissue was histologically analyzed to

assess the ischemia-induced morphological changes. The HE-stained sections were used
for the identification of the transition zone between the proximal and the distal flap tissue.
Notably, the distal zone was completely necrotic and, therefore, was excluded from further
immunohistochemical analyses.

The quantification of the CD31+ microvessels revealed no significant differences be-
tween the groups in the proximal zone and the transition zone of the flaps, even though
the observed number of CD31+ microvessels was slightly increased in the transition zone
of bromelain-treated flaps (Figure 3D). The percentage of ↵-SMA+ arterioles out of all the
CD31+ vessels did not show marked differences between the groups in the flaps’ proximal
zone and transition zone (Figure 3E).

The identification of MPO+ neutrophilic granulocytes revealed, in contrast to the
proximal zone, a massive neutrophilic cell invasion in the medial transition zones of
the flaps in both bromelain-treated and untreated mice (Figure 4A,B). Of interest, this
inflammatory reaction was markedly reduced in the bromelain-treated animals, as indicated
by a significantly lower number of MPO+ cells/HPF when compared to controls (Figure 4B).
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Figure 4. (A) Microscopic images of immunohistochemical sections of the proximal and medial zones
in flaps of an untreated control mouse and a bromelain-treated mouse on day 10 after flap elevation.
The sections were stained with an antibody against the neutrophilic granulocyte marker, MPO. Scale
bar: 50 µm. (B) MPO+ cells/HPF in the proximal and medial zones of flaps in bromelain-treated mice
(Brom; black bars, n = 7) and untreated controls (Ctrl; white bars, n = 7) on day 10 after flap elevation,
as assessed by immunohistochemistry. (C) Microscopic images of immunohistochemical sections of
the proximal and medial zones of flaps in an untreated control mouse and a bromelain-treated mouse
on day 10 after flap elevation. The sections were stained with an antibody against the apoptotic
marker, Casp-3. Scale bar: 50 µm. (D) Casp-3+ cells/HPF in the proximal and medial zones of flaps
in bromelain-treated mice (Brom; black bars, n = 7) and untreated controls (Ctrl; white bars, n = 7)
on day 10 after flap elevation, as assessed by immunohistochemistry. Means ± SEM. * p < 0.05 vs.
control.

Moreover, apoptotic cells were identified by means of immunohistochemical Casp-3
staining. In both groups, the proximal vital zone of the flaps only contained a few apoptotic
cells (Figure 4C,D). In contrast, apoptotic cell death was markedly increased in the medial
transition zone. However, the bromelain treatment significantly reduced the number of
Casp-3+ cells/HPF in this area when compared to the control treatment (Figure 4C,D).

4. Discussion

The development and clinical introduction of novel pharmacological compounds are
often hindered by problems, such as low selectivity for target cells or high toxicity against
normal cells. Therefore, phytochemicals are continuously explored as possible therapeutics
because they generally exert few unwanted harmful side effects and are well-tolerated by
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patients [23]. Moreover, they bear the advantages of having a high availability and relative
simplicity of acquisition [24].

The enzyme complex, bromelain, is one example of a phytochemical compound with
several beneficial effects and few side effects, which have been used for various pathologies
in the past. In our study, we demonstrated for the first time, that the anti-apoptotic,
anti-inflammatory and anti-thrombotic effects of bromelain can also be observed in the
critically perfused musculocutaneous flaps undergoing acute persistent ischemia. In fact,
we could show that the rate of flap necrosis is significantly reduced by systemic bromelain
administration, as the enzyme complex promotes nutritive tissue perfusion and suppresses
inflammation and apoptotic cell death in the ischemically challenged flap tissue.

For our experiments, we used a perioperative administration protocol that would
also be feasible under clinical conditions. Because flap surgery is often performed elec-
tively, bromelain administration, starting shortly before the flap elevation, could easily
be implemented into the perioperative clinical routine. The effect of bromelain on the
microcirculation and overall survival of critically perfused flaps undergoing necrosis, if
kept untreated, was investigated in a modified murine dorsal skinfold chamber model. By
combining the chamber technique with intravital fluorescence microscopy, repeated in vivo
analyses of microvascular perfusion and blood vessel formation within a random-pattern
musculocutaneous flap with clearly defined dimensions could be performed [19]. The
results of the present study, which are consistent with the pleiotropic mode of action of
most phytochemicals, suggest that in our experimental setting, bromelain targets not only
one cellular mechanism, but rather modulates several pathways at once with synergistic
effects, thus, adding to the overall improved outcome.

We observed that bromelain improves the nutritive perfusion of the flap tissue, as
evidenced by a higher blood flow in all analyzed vessel types and flap zones in the
bromelain-treated animals when compared to the untreated controls. In line with these
findings, Bahde et al. [13] proved that bromelain increases the expression of endothelial
nitric oxide (NO) synthase, causing vasodilatation and elevated perfusion in a model of
warm hepatic ischemia in rats. In addition, bromelain has been shown to decrease the
production of reactive oxygen species (ROS) that consume the vasodilator NO [25]. In the
present study, the increased perfusion resulted in a maintained microcirculation with a
significantly higher FCD in bromelain-treated flaps.

Furthermore, we observed a higher number of newly formed microvessels in the
transition zone of bromelain-treated flaps. This effect was confirmed in our immunohisto-
chemical analyses of the flap tissue, where we also observed an increased number of CD31+

microvessels in the medial flap zone, though the difference was not proven to be statistically
significant. These findings are in line with several studies suggesting a pro-angiogenic
activity of bromelain [26,27]. However, on the other hand, there are also studies reporting
that the enzyme exerts an anti-angiogenic effect on cancer cell lines [18,28,29]. Hence,
further analyses are necessary to exactly clarify the regulatory function of bromelain in the
process of angiogenesis.

In addition, the microperfusion of the flap tissue may have been enhanced by the well-
known anti-thrombotic and fibrinolytic effects of bromelain [30,31]. In this context, it should
be considered that the lower flow rate and the inflammatory reaction within the elevated
flap tissue create a pro-thrombotic environment [32,33]. The resulting microthrombi occlude
capillary vessels, which further aggravates the already inadequate tissue perfusion [33].
Of interest, Metzig et al. [30] showed that incubation with bromelain completely prevents
the thrombin-induced aggregation of platelets. Furthermore, in high doses, the enzyme
complex downregulates both the external and internal pathways of the blood clotting
system, inhibits fibrin synthesis and increases serum fibrinolytic activity [10,34]. Taken
together, all these bromelain effects may contribute to the prevention of microthrombi and,
thus, to the improved perfusion of the flap tissue.

The pro-apoptotic effects of bromelain have been described in the context of cancer
cells, where it suppresses proliferation and induces apoptosis through the activation of the
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extracellular signal-regulated kinase (ERK)/AKT pathway [35]. In contrast, when used to
prevent ischemic cell death, bromelain has been shown to decrease pro-apoptotic signaling
pathways. For instance, Juhasz et al. [18] demonstrated an increased phosphorylation
of Akt and FOXO3A after bromelain pretreatment in a murine cardiac ischemia model.
This resulted in a significantly lower rate of apoptotic cardiomyocytes and a reduced
infarct size, leading to an improved cardiac function after the ischemic insult. Similarly, we
detected fewer apoptotic cells in the transition zone between the vital and necrotic tissues
of bromelain-treated musculocutaneous flaps. This may also explain our observations that
the bromelain-treated flaps contained more newly formed microvessels in their transition
zones. In fact, it may be assumed that the cytoprotective effects of bromelain also increased
the viability of microvessels in the transition zone, which could then serve as the origin for
angiogenic vessel sprouts.

Finally, bromelain is also known to ameliorate inflammation, because it downregu-
lates the expression of the transcription factor, nuclear factor (NF)-B, which controls the
expression of various pro-inflammatory enzymes and chemokines, such as cyclooxygenase-
2, interleukin-6 or tumor necrosis factor-↵ [36,37]. Furthermore, the enzyme complex
downregulates the expression of different immune cell surface markers that mediate the
adhesion of intravascular leukocytes to the endothelium and their subsequent invasion into
the surrounding tissue [12,38]. In the present study, the latter anti-inflammatory mechanism
could also be observed in the critically perfused flap tissue, where the bromelain treatment
resulted in a significantly lower number of invading MPO+ neutrophilic granulocytes into
the transition zone when compared to controls.

Though our findings are promising, further research is warranted to test the efficacy
of bromelain for the prevention of flap necrosis in different settings because flap survival
is influenced by various factors, such as age and gender [39,40]. As capillary and artery
numbers can decline in aging tissue, it may, for example, be interesting to assess whether
the positive effects of bromelain on flap tissue are reproducible in aged mice [41,42]. Harder
et al. [40] demonstrated that aging decreases the vascular reactivity in tissue flaps. Thus, the
beneficial effect of bromelain on angiogenesis may be an interesting approach to compensate
for this decreased vascular reactivity in aging patients undergoing flap surgery.

5. Conclusions

The present study demonstrates that perioperative-systemic bromelain administration
effectively protects critically perfused flap tissue from necrosis. In fact, the enzyme is
able to maintain nutritive tissue perfusion by suppressing ischemia-induced inflammation
and apoptosis. When compared to other therapeutic approaches, bromelain may bear the
considerable advantage that it can be easily implemented into standard clinical routines
without causing severe side effects, making it a possible resource for fragile patients, such
as the elderly. Therefore, future clinical trials should evaluate whether the herein observed
high effectiveness of bromelain in preventing flap tissue necrosis can also be reproduced
in clinical practice. If such clinical trials are successful, bromelain may be a promising
therapeutic compound to reduce ischemic flap complications and related patient morbidity.
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Abstract: Microvascular fragments (MVF) derived from enzymatically digested adipose tissue are
functional vessel segments that have been shown to increase the survival rate of surgical flaps.
However, the underlying mechanisms have not been clarified so far. To achieve this, we raised
random-pattern musculocutaneous flaps on the back of wild-type mice and mounted them into
dorsal skinfold chambers. The flaps were injected with MVF that were freshly isolated from green
fluorescent protein-positive (GFP+) donor mice or saline solution (control). On days 1, 3, 5, 7, and 10
after surgery, intravital fluorescence microscopy was performed for the quantitative assessment of
angiogenesis, nutritive blood perfusion, and flap necrosis. Subsequently, the flaps were analyzed
by histology and immunohistochemistry. The injection of MVF reduced necrosis of the ischemic
flap tissue by ~20%. When compared to controls, MVF-injected flaps also displayed a significantly
higher functional capillary density and number of newly formed microvessels in the transition zone,
where vital tissue bordered on necrotic tissue. Immunohistochemical analyses revealed a markedly
lower number of cleaved caspase-3+ apoptotic cells in the transition zone of MVF-injected flaps
and a significantly increased number of CD31+ microvessels in both the flaps’ base and transition
zone. Up to ~10% of these microvessels were GFP+, proving their origin from injected MVF. These
findings demonstrate that MVF reduce flap necrosis by increasing angiogenesis, improving nutritive
tissue perfusion, and suppressing apoptosis. Hence, the injection of MVF may represent a promising
strategy to reduce ischemia-induced flap necrosis in future clinical practice.

Keywords: microvascular fragments; tissue engineering; random-pattern flap; necrosis; apoptosis;
angiogenesis; microcirculation

1. Introduction

Random-pattern flaps are frequently used to reconstruct tissue defects in plastic
surgery. However, the length-to-width ratio of such flaps cannot exceed certain values,
because otherwise distal flap areas become vulnerable to necrosis. This is due to an
inadequate blood perfusion of the tissue, which causes oxidative stress and inflammation,
as well as ischemic and apoptotic cell death [1,2]. Accordingly, maintaining and boosting
tissue vascularization is vital to ensuring an optimal outcome in flap surgery [3]. A
promising approach to achieve this goal is the use of adipose tissue-derived microvascular
fragments (MVF) [4,5].

MVF are functional arteriolar, capillary, and venular vessel segments that can be
isolated from adipose tissue using mechanical dissection and short-term enzymatic di-
gestion [6]. These fragments exhibit a length of up to 150–200 µm and an intact vessel
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morphology consisting of a central lumen with surrounding endothelial cells and stabi-
lizing pericytes [7]. Moreover, they contain mesenchymal stem cells (MSC) within their
physiological niche [8] and are a rich source of angiogenic growth factors, such as vascular
endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) [9,10]. Finally,
MVF rapidly reform new blood-perfused microvascular networks after transplantation
into tissue defects [11–13].

All these beneficial properties make the use of MVF a promising approach for vas-
cularization with various applications in the field of tissue engineering and regenerative
medicine [10,14,15]. In this context, they have also been shown to prevent necrosis of
random-pattern skin flaps in rats [4,5]. However, the underlying mechanisms remain
incompletely understood. Nakano et al. [5] speculated that the improved survival of the
distal part of the flaps may be caused by early patent connections between transplanted
MVF and the host microvasculature. Contrary to this assumption, Stone and Rathbone [4]
did not detect a difference in the microvessel density between MVF-injected flaps and
controls. Hence, they hypothesized that the increased flap survival may be rather promoted
by MVF-associated stem cells.

To better understand the beneficial effects of MVF on flap tissue survival, we herein
injected freshly isolated MVF from green fluorescent protein-positive (GFP+) donor mice
or saline solution (control) into random-pattern musculocutaneous flaps, which were
mounted into the dorsal skinfold chamber of GFP� wild-type mice. This GFP+/GFP�

cross-over design allowed us to clarify in detail the fate of MVF after transplantation and to
quantitatively assess angiogenesis, nutritive blood perfusion, inflammation, apoptosis, and
necrosis of the flap tissue over a 10-day observation period by means of repeated intravital
fluorescence microscopy as well as histology and immunohistochemistry.

2. Materials and Methods

2.1. Animals
All animal experiments were approved by the local governmental animal protection

committee (permit number: 10/2020). The study was executed according to the European
legislation on the protection of animals (Directive 2010/63/EU) and the NIH Guidelines on
the Care and Use of Laboratory Animals (NIH publication #85-23 Rev. 1985).

A total of 24 mice were used for the present study. Sixteen animals were C57BL/6 wild-
type mice (Institute for Clinical and Experimental Surgery, Saarland University,
Homburg/Saar, Germany), and eight mice expressed GFP (C57BL/6-Tg (CAG-EGFP)1Osb/J;
The Jackson Laboratory, Bar Harbor, ME, USA). GFP+ animals were used for the experi-
ments at an age of 30–52 weeks and a body weight of 30–35 g to serve as fat donors for the
isolation of MVF. The remaining 16 animals exhibited an age of 12–24 weeks and a body
weight of 26–30 g. On each animal, a random-pattern musculocutaneous flap was raised
on the back and fixated within a dorsal skinfold chamber. The chamber-bearing animals
were housed in individual cages at a room temperature of 22–24 �C, a relative humidity of
50–55%, and a 12 h day/night cycle for the duration of the experiments. The animals had
unrestricted access to standard pellet chow (Altromin, Lage, Germany) and tap water.

2.2. MVF Isolation
MVF were isolated from the epididymal fat pads of male GFP+ donor mice, as pre-

viously described in detail [6] (Figure 1A). The epididymal fat pads on both sides were
surgically removed and placed into 10% Dulbecco’s Modified Eagle’s Medium (DMEM;
100 U/mL penicillin, 0.1 mg/mL streptomycin; Biochrom, Berlin, Germany). The fat tissue
was then cleaned by rinsing it three times in phosphate-buffered saline (PBS). The excised
fat tissue was then diced into small pieces and digested with the enzyme collagenase NB4G
(0.5 U/mL; Serva Heidelberg, Germany) under gentle agitation and high humidity (37 �C,
5% CO2) for 10 min. The digestion process was interrupted by neutralization with PBS
containing 20% fetal calf serum (FCS), and the suspension of cells and vessels was subse-
quently incubated for 5 min at 37 �C. After the supernatant of floating fat was removed, the
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remaining suspension was strained through a 300 µm filter, and the MVF were condensed
to a pellet by a 5 min centrifugation at 120⇥ g. The MVF pellet was suspended once again
in 10 µL 0.9% NaCl for flap injection.
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Figure 1. (A) Schematic depiction of the experimental setting. On day 0, a random-pattern flap
was elevated on the back of a GFP� wild-type recipient mouse. Microvascular fragments (MVF;
inset = microscopic image of a single MVF; scale bar: 20 µm) isolated from the epididymal fat pads
of a GFP+ donor mouse were injected into the flap and the dorsal skinfold chamber implantation was
completed. Subsequently, repeated intravital fluorescence microscopy of the flap tissue was conducted
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Figure 3. (A) Intravital fluorescent microscopic images of an MVF cluster (border marked by broken
line). The densely cross-linked and chaotic vessel architecture (marked by arrowheads) can be clearly
differentiated from the straight and parallelly arranged muscle capillaries (marked by arrows). Scale
bar: 50 µm. (B) The GFP fluorescence signal (marked by arrowheads) of the microvessels confirms
their origin from the GFP+ fat donors. In addition, the presence of FITC-labeled dextran within the
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on days 1, 3, 5, 7, and 10. (B) Macroscopic images of the chamber observation windows of a vehicle-
injected control mouse (Ctrl) and an MVF-injected animal (MVF) on day 5 after flap elevation. The
distal flap tissue has undergone necrosis (marked by asterisks), and the injection sites have remained
visible (marked by arrowheads). Scale bar: 2 mm. (C) Necrosis [%] of flaps in MVF-injected mice
(black circles, n = 8) and vehicle-injected controls (white circles, n = 8) on days 1, 3, 5, 7, and 10
after flap elevation, as assessed by intravital fluorescence microscopy and computer-assisted image
analysis. Means ± SEM. * p < 0.05 vs. control.

In line with previous studies [16], ~40.000 MVF could be isolated from each donor
animal. For the present study, each flap was injected with the MVF from a single donor
animal, as suggested by Nakano et al. [5].

2.3. Anesthesia
The surgical flap elevation and dorsal skinfold chamber implantation as well as the

subsequent intravital fluorescent microscopic analyses were performed under general
anesthesia by means of intraperitoneal injection of ketamine (100 mg/kg body weight;
Ursotamin®; Serumwerke Bernburg, Bernburg, Germany) and xylazine (12 mg/kg body
weight; Rompun®; Bayer, Leverkusen, Germany). After the chamber implantation, all
animals received a subcutaneous injection of buprenorphine hydrochloride (0.01 mg/kg
body weight; Temgesic®; RB Pharmaceuticals Limited, Slough, UK) to prevent postopera-
tive pain.

2.4. Dorsal Skinfold Chamber
A flap was raised on the back of each animal and mounted into a dorsal skinfold

chamber (Irola Industriekomponenten GmbH & Co. KG, Schonach, Germany) [17]. This
flap is termed musculocutaneous, as mouse skin contains a thin muscle layer, the so-called
panniculus carnosus muscle [17]. Our approach permitted repeated intravital fluorescence
microscopy to study the microcirculation within the flap tissue. For the preparation, the
anesthetized animal was depilated. Afterwards, a random-pattern musculocutaneous flap
measuring 15 mm (width) ⇥ 11 mm (length) was elevated at a right angle to the spine on
the back of each animal. The lateral flap margins were sutured back to the wound bed. The
dorsal skinfold and the attached musculocutaneous flap were then sutured to the superior
margin of one chamber frame. Adhesive insulation foam was used to cover the second
chamber frame to ensure an air-tight chamber. The second frame was then mounted to its
counterpart with screws. The flap was thus secured in between the two frames and was
accessible for microscopic imaging through the chamber’s observation window.

Within the chamber window, each flap was injected with ~40.000 MVF from one donor
animal suspended in 10 µL saline solution (n = 8) or vehicle alone (n = 8) and distributed
into 10 evenly dispersed sites. Injection was performed underneath the panniculus carnosus
muscle into the subcutis, as injection into this space is easily reproducible while allowing
high-quality visualization by means of intravital fluorescence microscopy [18]. A cover
glass secured with a snap ring was used to close the observation window. Due to its
conformation with a standardized width-to-length ratio, the flap developed ~50% necrosis
without treatment as a result of the acute persistent ischemia (Figure 1B) [17,19].

After surgery, there was a 24 h recovery period for the animals before the first mi-
croscopy was performed. All animals showed normal feeding and sleeping patterns during
the observation period without any signs of distress. After the last microscopy, the animals
were killed by cervical dislocation under general anesthesia. Subsequently, the flap tissue
was harvested for histological and immunohistochemical analysis.

2.5. Intravital Fluorescence Microscopy
Intravital fluorescence microscopy was performed on days 1, 3, 5, 7, and 10 after

flap elevation. The anesthetized mice were secured on a platform made of plexiglas. To
enhance contrast between the blood vessels and the surrounding tissue, the mice received
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0.1 mL of 5% fluorescein isothiocyanate (FITC)-labeled dextran (150,000 Da; Sigma-Aldrich,
Taufkirchen, Germany) as a blood plasma marker by injection into the retrobulbar venous
plexus. The chambers of MVF-injected mice were additionally scanned and recorded
before the injection of the fluorescence dye to detect the GFP signal of viable MVFs. A Zeiss
Axiotech fluorescence epi-illumination microscope (Zeiss, Oberkochen, Germany) was used
to perform the intravital microscopies. During each microscopy, the microcirculation of the
flap tissue was recorded on DVD for offline analysis. All microscopies were performed at a
constant room temperature of ~22 �C.

At the beginning of each microscopy, a panoramic view of the chamber was recorded
for planimetric measurement of the perfused tissue surface. Within each flap, three observa-
tional zones were created by subdividing the flap into a proximal, medial, and distal zone.
Two regions of interest (ROI) were selected per zone, each containing an arterio-venous
bundle. Due to the distinct morphology of the recorded bundles, they could be identified
during each microscopy for repeated measurements. Moreover, two capillary fields were
recorded in the surrounding tissue of each selected arterio-venous bundle. If an ROI was no
longer perfused, the bundle was documented by means of microscopic images throughout
the rest of the observation period or as long as it could be identified. Within the medial
transition zone between perfused and non-perfused tissue, an additional ROI was recorded
to examine the formation of new microvessels.

Microcirculatory parameters were assessed using CapImage (Version 8.5, Zeintl,
Heidelberg, Germany) as an offline analysis system. The necrosis rate [%] was deter-
mined as 100-perfused surface area/total chamber surface area ⇥ 100. The functional
capillary density (FCD) [cm/cm2] was determined as the total length of all perfused capil-
laries per capillary field. Within the proximal, medial, and distal ROI, microhemodynamic
parameters were assessed in arterioles, capillaries, and venules. Vessel diameters (D) [µm]
were measured at a right angle to the vessel path. The line shift method was used to mea-
sure centerline red blood cell (RBC) velocity (v) [mm/s] [20]. The volumetric blood flow

(VQ) [pL/s] was then calculated using parameters v and D as VQ = ⇡⇥
⇣

D
2

⌘2
⇥ v

K where
K (=1.6) is the Baker–Wayland factor accounting for the parabolic velocity profile of blood
in microvessels [21]. Angiogenesis within the transition zone was assessed by quantifying
the density of neovessels [cm/cm2], which were identified by their irregular and entangled
conformation that clearly differs from the straight, parallelly arranged capillaries of the
panniculus carnosus muscle [22].

2.6. Histology and Immunohistochemistry
The obtained tissue samples of flap tissue were fixed using formalin, embedded in

paraffin, and subsequently cut into 3 µm-thick sections. For the initial evaluation of the
tissue, hematoxylin and eosin (HE) staining of individual sections was performed according
to standard protocol. A BX60 microscope (Olympus, Hamburg, Germany) and the imaging
software cellSens Dimension 1.11 (Olympus) were used for tissue assessment.

For the immunohistochemical identification of microvessels, sections were stained
with a monoclonal rat anti-mouse CD31 antibody (1:100; Dianova, Hamburg, Germany)
as the first antibody. A goat anti-rat Alexa 555 antibody (1:100; Invitrogen, Waltham, MA,
USA) was used as the second antibody. The sections were then stained with a polyclonal
goat GFP antibody (1:100; Rockland Immunochemicals Inc., Limerick, DE, USA) and a
donkey-anti-goat biotin-labeled antibody (1:100; Life Technologies, Carlsbad, CA, USA)
as well as Alexa 488-labeled streptavidin (1:50; Invitrogen). Using this staining, the origin
of the contained microvessels could be determined. The nuclei of the cells were stained
with Hoechst 33342 (2 µL/mL; Sigma-Aldrich) to superimpose images exactly. The stained
sections were used to analyze microvessel density (all CD31+ microvessels per high-power
field (HPF)). Furthermore, the fraction of CD31+/GFP+ microvessels [in %] was determined
in two randomly chosen HPF at the flap base (proximal zone) and in the medial transition
zone, where vital tissue bordered on necrotic tissue.
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To identify myeloperoxidase-positive (MPO+) neutrophilic granulocytes and apoptotic
cleaved caspase (Casp)-3+ cells immunohistochemically, additional sections were used. A
citrate buffer was used to demask antigens, and the unspecific binding sites were then
blocked with goat serum. Cells were stained by incubating them with either a polyclonal
rabbit MPO antibody (1:100; Abcam, Cambridge, UK) or a monoclonal rabbit-anti-mouse
Casp-3 antibody (1:100; Cell Signaling Technology, Danvers, MA, USA) as the first anti-
bodies, followed by a biotinylated goat anti-rabbit IgG antibody (ready-to-use; Abcam)
as the second antibody. Peroxidase-labeled streptavidin (ready-to-use; Abcam) was used
for the detection of the biotinylated antibody. 3-amino-9-ethylcarbazole (Abcam) was
used as a chromogen. Mayer’s hemalum (Merck, Darmstadt, Germany) was used for the
counterstaining. Within two randomized HPF selected in the flap’s proximal zone and the
transition zone.

2.7. Statistical Analysis
All data were tested for normal distribution and equal variance. Subsequently,

differences between the two experimental groups were assessed by means of the un-
paired Student’s t-test (GraphPad Prism 9; GraphPad Software, San Diego, CA, USA).
A Mann–Whitney rank sum test was applied if non-parametric data were detected. All
given values are stated as the means ± standard error of the mean (SEM). A statistically
significant difference was accepted for a value of p < 0.05.

3. Results

3.1. Intravital Fluorescence Microscopy
Using repeated intravital fluorescence microscopy, the vascularization and overall sur-

vival of the musculocutaneous flaps within the dorsal skinfold chambers were assessed. A
significantly lower necrosis rate of ~26–28% was detected in MVF-injected flaps when com-
pared to the flaps of vehicle-injected controls, which exhibited a necrosis rate of ~42–51%
over the course of the 10-day observation period (Figure 1B,C). A significantly higher FCD
in all observed flap zones was associated with a markedly diminished flap necrosis rate
(Figure 2A–E). In fact, in the proximal and medial zone of MVF-injected flaps, the FCD was
~300–350 cm/cm2. The distal zone still showed an FCD of ~200 cm/cm2 (Figure 2A–C).
Contrastingly, the FCD in the proximal and medial zone of vehicle-injected flaps was
markedly decreased (~200–280 cm/cm2). In the distal zone, it could only be measured on
day 1 (~20 cm/cm2) (Figure 2A–C).

The vessel diameter and centerline RBC velocities in all examined vessel types (ar-
terioles, capillaries, and venules) within the flaps were measured. From the values, the
volumetric blood flow was calculated. It increased in all three vessel types in both groups
throughout the 10-day observation period, as the flaps adjusted to the changed blood sup-
ply (Table 1). Moreover, arterioles and venules of MVF-injected flaps showed a tendency
towards a higher volumetric blood flow when compared to the vessels in vehicle-injected
flaps (Table 1).

The formation of new GFP� blood vessels was analyzed in the transition zone between
vital and necrotic flap tissue. In both groups, the flap tissue displayed characteristic changes,
such as vessel dilation and irregular diameters in the capillary architecture, within this zone
starting on day 5. In addition, angiogenic sprouts grew out of pre-existing microvessels
(Figure 2F). Notably, the neovessel density was significantly higher in flaps of MVF-injected
mice on days 7 and 10 when compared to that of flaps in control animals (Figure 2G).

In addition, MVF clusters could be detected within the flap tissue throughout the
observation period. Similar to the newly formed microvessels in the transition zone, their
densely cross-linked and chaotic vessel architecture differed from the straight and parallelly
arranged muscle capillaries (Figure 3A). Moreover, the emitted GFP-fluorescence signal
confirmed their origin from the GFP+ donor mice (Figure 3B).
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Figure 2. (A–C) FCD [cm/cm2] in the proximal (A), medial (B), and distal zone (C) of flaps in MVF-
injected mice (black bars, n = 8) and vehicle-injected controls (white bars, n = 8) on days 1, 3, 5, 7, and
10 after flap elevation, as assessed by intravital fluorescence microscopy and computer-assisted image
analysis. Means ± SEM (white circles = individual data points). * p < 0.05 vs. control. (D,E) Intravital
fluorescent microscopic images of the capillary fields in the medial zone of flaps in a vehicle-injected
control mouse (D); no longer perfused capillaries are marked by arrowheads and an MVF-injected
mouse (E) on day 5 after flap elevation. Scale bars: 50 µm. (F) Intravital fluorescent microscopic image
of angiogenic sprouts (marked by arrowheads) growing out of pre-existing microvessels. No longer
perfused capillaries in the necrotic tissue adjacent to the transition zone can be detected (marked by
arrows). Scale bar: 50 µm. (G) Neovessels [cm/cm2] in the transition zone of flaps in MVF-injected
mice (black bars, n = 8) and vehicle-injected controls (white bars, n = 8) on days 1, 3, 5, 7, and 10
after flap elevation, as assessed by intravital fluorescence microscopy and computer-assisted image
analysis. Means ± SEM (white circles = individual data points). * p < 0.05 vs. control.
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Table 1. Volumetric blood flow [pL/s] of vehicle-injected control mice (Ctrl; n = 8) and MVF-injected
mice (MVF; n = 8) in arterioles, capillaries, and venules in the proximal, medial, and distal flap zones
on days 1, 3, 5, 7, and 10 after flap elevation. The parameter was assessed by intravital fluorescence
microscopy and computer-assisted image analysis. Means ± SEM. * p < 0.05 vs. control.

Volumetric Blood

Flow [pL/s]
d1 d3 d5 d7 d10

Arterioles
prox. Ctrl 654 ± 108 871 ± 153 1081 ± 212 1150 ± 223 1503 ± 286

MVF 773 ± 192 1273 ± 216 1371 ± 272 1741 ± 232 1962 ± 429
med. Ctrl 367 ± 85 718 ± 168 736 ± 70 980 ± 160 1314 ± 247

MVF 612 ± 131 983 ± 166 1108 ± 169 1530 ± 167 * 1885 ± 297
dist. Ctrl 16 ± 3 - - - -

MVF 340 ± 88 * 765 ± 164 924 ± 228 1282 ± 312 1543 ± 299

Capillaries
prox. Ctrl 3 ± 0 4 ± 0 6 ± 0 5 ± 0 7 ± 0

MVF 3 ± 0 4 ± 0 5 ± 0 5 ± 0 6 ± 1
med. Ctrl 3 ± 0 4 ± 0 5 ± 0 5 ± 0 6 ± 0

MVF 3 ± 0 5 ± 0 5 ± 0 6 ± 0 6 ± 1
dist. Ctrl 0 ± 0 - - - -

MVF 2 ± 0 * 8 ± 5 4 ± 0 5 ± 0 6 ± 1

Venules
prox. Ctrl 518 ± 99 758 ± 160 1300 ± 279 1738 ± 468 1929 ± 782

MVF 572 ± 76 1027 ± 197 1093 ± 213 2081 ± 640 1500 ± 368
med. Ctrl 272 ± 88 711 ± 182 908 ± 234 1348 ± 251 1504 ± 291

MVF 458 ± 102 1034 ± 218 1549 ± 299 2190 ± 443 2232 ± 580
dist. Ctrl 65 ± 38 - - - -

MVF 239 ± 31 * 877 ± 272 1123 ± 182 2053 ± 528 2205 ± 515

3.2. Histological and Immunohistochemical Analysis
Additional histological and immunohistochemical analyses were performed at the end

of the in vivo experiments to examine morphological changes induced by ischemia within
the flap tissue. HE-stained sections were used to identify the transition zone between the
proximal and distal flap tissue. The distal zone was completely necrotic and therefore
excluded from further immunohistochemical analyses.

In both the proximal and medial zone, a significantly higher number of CD31+ mi-
crovessels could be detected in MVF-injected flaps when compared to vehicle-injected
controls (Figure 3D). About 5–10% of these microvessels were GFP+ and, thus, directly
originated from the injected MVF (Figure 3E).

Apoptotic cells were identified using immunohistochemical Casp-3 staining. In
both groups, the proximal vital zone of the flaps contained only a few apoptotic cells
(Figure 4A,B). In contrast, apoptotic cell death was markedly increased in the medial tran-
sition zone. However, the number of Casp-3+ cells/HPF in this zone was significantly
reduced in MVF-injected flaps when compared to vehicle-injected controls (Figure 4A,B).
The additional identification of MPO+ neutrophilic granulocytes revealed a massive inflam-
matory cell invasion in the medial transition zone of both MVF-injected and vehicle-injected
flaps without significant differences between the two groups (Figure 4C,D).
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Figure 3. (A) Intravital fluorescent microscopic images of an MVF cluster (border marked by broken
line). The densely cross-linked and chaotic vessel architecture (marked by arrowheads) can be clearly
differentiated from the straight and parallelly arranged muscle capillaries (marked by arrows). Scale
bar: 50 µm. (B) The GFP fluorescence signal (marked by arrowheads) of the microvessels confirms
their origin from the GFP+ fat donors. In addition, the presence of FITC-labeled dextran within the
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vessels indicates their blood perfusion. Scale bar: 50 µm. (C) Immunofluorescent CD31/GFP
stainings of MVF-injected flap tissue on day 10. CD31+/GFP+ microvessels (marked by arrowheads)
originating from the injected MVF can be distinguished from the CD31+/GFP� host microvasculature
of the flap (marked by arrows). Scale bars: 25 µm. (D) CD31+ microvessels/HPF in the proximal and
medial zone of flaps in MVF-injected animals (MVF, black bars, n = 8) and vehicle-injected controls
(Ctrl, white bars, n = 8). Means ± SEM (white circles = individual data points). * p < 0.05 vs. control.
(E): GFP+/CD31+ microvessels [% of all CD31+ microvessels] in the proximal and medial zone of
MVF-injected flaps (black bars, n = 8). Means ± SEM (white circles = individual data points).

Biomedicines 2023, 11, x FOR PEER REVIEW  11  of  15 
 

 
Figure 4. (A) Immunohistochemical tissue sections of the proximal and medial zone  in flaps of a 
vehicle-injected control mouse and an MVF-injected mouse 10 days after flap elevation. The sections 
were stained with an antibody against Casp-3 as a marker for apoptosis. Scale bars: 50 µm. (B) Casp-
3+ cells/HPF in the proximal and medial zone of flaps in MVF-injected mice (MVF, black bars, n = 8) 
and vehicle-injected controls  (Ctrl, white bars, n = 8) 10 days after flap elevation, as assessed by 
immunohistochemistry. Means ± SEM (white circles = individual data points). * p < 0.05 vs. control. 
(C) Immunohistochemical tissue sections of the proximal and medial zone in flaps of a vehicle-in-
jected control mouse and an MVF-injected mouse 10 days after flap elevation. The sections were 
stained with an antibody against MPO as a neutrophilic granulocyte marker. Scale bars: 50 µm. (D) 
MPO+ cells/HPF in the proximal and medial zone of flaps in MVF-injected mice (MVF, black bars, n 
= 8) and vehicle-injected controls (Ctrl, white bars, n = 8) 10 days after flap elevation, as assessed by 
immunohistochemistry. Means ± SEM (white circles = individual data points). 

4. Discussion 
The use of MVF is an established vascularization strategy in the field of tissue engi-

neering. Due to their intact vessel morphology and functionality, MVF have shown a high 
potential to improve the incorporation of transplanted tissues and increase cell survival 
by rapidly assembling into blood-perfused networks connected to the host vasculature. 
As adipose  tissue can be harvested  from almost all patients  in  large quantities and  the 
entire procedure for the isolation of MVF lasts only 30–45 min, a single-step intraoperative 
use of MVF  in humans would be clinically  feasible.  In recent years, MVF  from human 

Figure 4. (A) Immunohistochemical tissue sections of the proximal and medial zone in flaps of a
vehicle-injected control mouse and an MVF-injected mouse 10 days after flap elevation. The sections
were stained with an antibody against Casp-3 as a marker for apoptosis. Scale bars: 50 µm. (B) Casp-
3+ cells/HPF in the proximal and medial zone of flaps in MVF-injected mice (MVF, black bars, n = 8)
and vehicle-injected controls (Ctrl, white bars, n = 8) 10 days after flap elevation, as assessed by
immunohistochemistry. Means ± SEM (white circles = individual data points). * p < 0.05 vs. control.
(C) Immunohistochemical tissue sections of the proximal and medial zone in flaps of a vehicle-injected
control mouse and an MVF-injected mouse 10 days after flap elevation. The sections were stained
with an antibody against MPO as a neutrophilic granulocyte marker. Scale bars: 50 µm. (D) MPO+

cells/HPF in the proximal and medial zone of flaps in MVF-injected mice (MVF, black bars, n = 8)
and vehicle-injected controls (Ctrl, white bars, n = 8) 10 days after flap elevation, as assessed by
immunohistochemistry. Means ± SEM (white circles = individual data points).
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4. Discussion

The use of MVF is an established vascularization strategy in the field of tissue engi-
neering. Due to their intact vessel morphology and functionality, MVF have shown a high
potential to improve the incorporation of transplanted tissues and increase cell survival by
rapidly assembling into blood-perfused networks connected to the host vasculature. As
adipose tissue can be harvested from almost all patients in large quantities and the entire
procedure for the isolation of MVF lasts only 30–45 min, a single-step intraoperative use of
MVF in humans would be clinically feasible. In recent years, MVF from human adipose
tissue have already been successfully used to create bioengineered tissues in preclinical
studies [23,24]. Though in vivo use in patients has not been attempted yet, the transplan-
tation of MVF represents a promising approach for the treatment of various pathologies
associated with an insufficient tissue vascularization.

In this study, we evaluated the application of MVF for increasing the survival of
random-pattern flaps. The present work is based on two pioneering studies in rats high-
lighting the potential of MVF to improve the outcome of flap surgery [4,5]. In line with
these studies, we herein found that simple injections of freshly isolated MVF into murine
random-pattern musculocutaneous flaps with pre-defined dimensions [17] effectively pre-
vent necrosis of their distal tissue parts. Beyond that, we could demonstrate for the first
time that MVF survive the transplantation procedure and reassemble over time into dense
vascularization hotspots within the flap tissue.

We injected MVF from GFP+ donor mice into flaps within the dorsal skinfold chambers
of GFP� recipient animals. In combination with the technique of intravital fluorescence
microscopy, this approach did not only enable us to follow the fate of the grafted MVF,
but also to prove their final blood perfusion and, thus, their restored original functionality
as vessel segments. The latter observation can be explained by the ability of MVF to
rapidly reassemble into new microvascular networks, which develop interconnections to
the surrounding host microvasculature [25]. Shepherd et al. [11] reported that this already
occurs 24 h after MVF transplantation. Because flap necrosis usually demarcates after
3–5 days, this early boost in tissue vascularization seems to maintain nutritive perfusion
during the initial critical period after flap elevation, resulting in a significantly lower rate
of flap necrosis. In line with this assumption, we measured a markedly higher FCD in all
flap zones of MVF-injected animals during the entire observation period when compared
to vehicle-injected controls. Additional immunohistochemical analyses confirmed this
finding with a significantly increased number of CD31+ microvessels in the proximal and
medial flap zones after MVF injection. Most interestingly, only 5–10% of these microvessels
were GFP+ and, thus, originated from the injected MVF. This indicates that MVF not only
contribute as direct vascularization units to the nutritive perfusion of the flap tissue but
also trigger other mechanisms mediating an improved flap survival.

It should be noted that MVF are a rich source of MSC [6,8,9,13]. Später et al. [13]
already proved by flow cytometric analyses that isolated MVF contain 47.5 ± 4.7%,
7.1 ± 2.3%, and 9.2 ± 1% of cells expressing the mesenchymal stem cell markers CD29,
CD90, and CD117, respectively. Furthermore, MSC have been shown in previous studies to
exert a beneficial effect on the viability of flap tissue [26–28]. Uysal et al. [26] suggested that
this effect may be partly traced back to their ability to differentiate into endothelial cells [26].
However, we speculate that in our study, an even more relevant mechanism may be the
paracrine stimulation of angiogenesis by MVF. In previous studies, we could demonstrate
that MVF secrete various pro-angiogenic factors, including VEGF [9,29]. Moreover, several
studies could prevent flap necrosis by the application of VEGF [30–33]. This cytokine does
not only stimulate blood vessel formation but also causes vessel dilation and maintains
microperfusion via nitric oxide formation [34]. Although we did not perform additional
analyses to confirm these findings in the present study, our novel results are consistent
with the assumption that MVF exert strong paracrine effects on the microcirculation within
the flap tissue. In fact, we detected a significantly higher number of newly formed CD31+
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mice when compared to controls. In addition, we found a higher FCD in all zones of
MVF-injected flaps over the course of the experiments.

Our immunohistochemical analyses further revealed a significantly reduced number
of apoptotic cells within the medial transition zone of MVF-injected flaps when compared
to vehicle-injected controls. This is an interesting finding, considering the fact that the
inhibition of ischemia-induced apoptosis has been suggested to be effective in the pre-
vention of flap necrosis [35–37]. We suggest that the herein observed anti-apoptotic effect
of MVF injections is most probably caused by the improved nutritive perfusion of the
flap tissue. However, we cannot exclude that MVF also directly inhibit apoptosis, which
could be another explanation for their high regenerative potential in different experimental
settings. This obvious assumption, which should be analyzed in detail in future studies,
is supported by the fact that MVF contain MSC and macrophages, which both have the
capability of secreting substantial amounts of anti-apoptotic cytokines, such as insulin-like
growth factor-1 [38–41].

5. Conclusions

Taken together, the present study sheds more light on the beneficial effects of MVF on
surgical flaps. Our experimental findings indicate that MVF protect ischemic musculocuta-
neous flap tissue from necrosis by improving nutritive tissue perfusion and suppressing
apoptosis. Hence, the application of MVF may represent a promising strategy to enhance
the success rates of flap surgery. In fact, it is conceivable that in a future clinical scenario,
autologous MVF are rapidly harvested from the lipoaspirates of patients by means of
automated separation systems, as they are already available for the isolation of stem cells
or the generation of platelet-rich plasma [42,43], and then directly retransferred into freshly
operated flaps. This intra-operative one-step approach, which would not be associated
with additional extensive surgical interventions, could markedly contribute to reducing
ischemic flap complications and the related patient morbidity.
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6. DISCUSSION 

6.1. DISCUSSION OF MATERIALS AND METHODS 

6.1.1. DORSAL SKINFOLD CHAMBER FLAP MODEL  

The modified dorsal skinfold chamber model in combination with a random pattern 

musculocutaneous flap is based on a model originally described in hamsters for the repeated 

intravital microscopic analysis of tissue microperfusion (Endrich et al., 1980). Sandwiching the 

dorsal skinfold in between two chamber frames, the upper layer of skin and the connective 

tissue within the observation window are removed to allow microscopic access to the underside 

of the contralateral striated muscle, subcutaneous and skin layer and visualize tissue perfusion 

(Menger et al., 2002). The chamber window is hermetically sealed with a cover glass and snap 

ring to prevent the exposed skin from drying out. Due to the protection and stabilization 

provided by the dorsal skinfold chamber, microscopy can be performed repeatedly over a 

period of about two to three weeks. This allows novel insights into biological processes, such 

as angiogenesis, and the associated functional and morphological changes.  

Various modifications of the model exist, for instance to analyze primary and secondary wound 

healing as well as revascularization of dermal substitutes or skin grafts (Laschke & Menger, 

2016). For the modification of the standard model applied in the present thesis, a random 

pattern flap with clearly defined dimensions was mounted between the chamber frames (Fig. 

2) (Harder et al., 2004b; Harder et al., 2014). By elevating the flap, the thoracodorsal artery 

(TDA) cranially as well as the deep circumflex iliac artery (DCIA) caudally were severed to 

create the random pattern flap. The used width-to-length-ratio causes acute persistent 

ischemia in the distal flap zone. Thus, the flap tissue of untreated animals developed ~50% 

necrosis. The transition zone between vital and necrotic tissue was therefore visible within the 

observation window to allow for the analysis and quantification of the flap’s microcirculation 

over the course of the observation period. The chamber is well tolerated by the animals, as 

indicated by undisturbed feeding and sleeping patterns. 

The standardized surgical dissection of the flap and the implantation of the chamber is easy to 

learn, especially for researchers with preexisting surgical proficiency (Fig. 2). However, several 

possible pitfalls have to be considered when using the dorsal skinfold chamber flap model. 

Precise chamber and flap placement are crucial, as inexact planning and dissection can lead 

to an incomplete transection of the TDA or DCIA. This, in turn, leads to false high survival rates 

of the dissected flap. Moreover, if the chamber is not placed correctly in the midline of the 

animal’s back, it is prone to tilting over the course of the in vivo observation period due to the 

weight of the chamber and the loss of skin elasticity. If the tilt is excessive, it can restrict flap 
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perfusion and influence measurements. Furthermore, it can lead to a vertical sliding of the 

tissue within the observation window and let regions of interest close to the border of the 

observation window slip under the margin of the chamber frame. These areas are then 

inaccessible for further microscopic measurements.  

 

 
Figure 2: Surgical preparation of a random pattern flap within the dorsal skinfold 
chamber. Scale bars: 10 mm. a: Transillumination of the depilated dorsal skinfold is 
performed to visualize the thoracodorsal and deep circumflex iliac vessels. b: The 
chamber is temporarily fixed to the skin to create incisions for the screws at the base of 
the chamber. c: The flap is planned with a width of 15 mm and a length of 11 mm. d: 
The flap is elevated, transecting the thoracodorsal and deep circumflex iliac vessels. 
The upper part crossing over the dotted midline is later discarded. e: The flap is sutured 
back to the lateral wound margins and fixed to the top of the chamber frame with surgical 
sutures together with the remaining dorsal skinfold cranially and caudally. f: The second 
chamber frame is placed, sandwiching the flap in between the two chamber frames. 
Subsequently, the observation window is sealed by means of a cover glass and a snap 
ring.  

 

Besides these technical pitfalls, microscopic analysis can also be hindered by biological 

causes, resulting in insufficient image quality. Examples include infection of the tissue within 

the observation window, bleeding underneath the cover glass or edema of the flap tissue (Fig. 

3). Particular care should therefore be taken to work as sterile as possible and control any 

occurring bleeding during flap elevation. Moreover, additional animals should be calculated 

during the planning of each study to potentially replace any animals that might have to be 

excluded from further analysis due to insufficient image quality.  
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Figure 3: Chamber edema as a possible pitfall of the dorsal 
skinfold chamber flap model. Scale bars: 2 mm. a: An 
exemplary chamber window on day 1 after flap elevation. b: 
The corresponding intravital microscopic image with vessels 
visible within the vital flap tissue. c: The same chamber 
window showing tissue edema with a blurred macroscopic 
view at day 10 after flap elevation (marked by black broken 
line). d: The corresponding intravital microscopic image no 
longer displaying discernable vessels within the vital flap 
tissue (marked by white broken line).  

 

6.1.2. INTERMITTENT FASTING 

For this thesis, a standard IF regimen with 8 hours of unrestricted access to standard pellet 

chow followed by 16-hour fasting intervals was used (Malinowski et al., 2019). As tissue 

preconditioning before the induction of flap ischemia has been shown to be more effective than 

postconditioning (Rezaeian et al., 2013), IF was administered starting one week before flap 

elevation.  

Fasting is an important stressor for mice with a visible impact on their activity level. Therefore, 

care was taken to optimize all remaining conditions. Only male mice were used for fasting 

experiments, as they were able to reach the target weight faster and more reliable than the 

female animals. Only mice with a body weight over 26 g were used to conduct the experiments, 

though generally a body weight of 23-25 g is acceptable for the chamber implantation without 
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additional flap dissection or fasting interventions. All mice used for the IF study were kept in 

an incubator at a temperature of 24-25 °C for the duration of the experiments and the body 

weight was closely monitored. After anesthesia, animals were provided with standard pellet 

chow soaked in water to ensure an immediate intake of food.  

 

6.1.3. BROMELAIN 

After an extensive literature research, bromelain was chosen as a potential therapeutic 

molecule to reduce flap necrosis. Bromelain decreases ADP-dependent platelet aggregation 

and thrombogenesis, induces fibrinolytic activity and has also been shown to exert anti-

hypertensive and anti-inflammatory effects (Metzig et al., 1999; Maurer, 2001; Braun et al., 

2005; Lee et al., 2019). Moreover, it was able to reduce infarct size in myocardial ischemia in 

a rat ischemia-reperfusion model with anti-apoptotic effects (Juhasz et al., 2008). As it is the 

case for many other phytochemicals, bromelain induces several different mechanisms that act 

in a synergistic manner to mediate its overall tissue-protective effect (Maurer, 2001; Pavan et 

al., 2012; Weinzierl et al., 2022).  

After initial experiments, an intraperitoneal administration of bromelain was chosen for the 

experiments of the present thesis, because oral application by means of gavage resulted in an 

elevated risk for aspiration during the surgical flap elevation and chamber implantation. The 

lethal dose (LD50) of bromelain in mice is higher than 10 g/kg and no effective standard dosage 

has been established so far (Chakraborty et al., 2021). Therefore, a daily dose of 20 mg/kg 

bromelain, administered intraperitoneally, was used based on the experience of a previous 

experimental study to repeat the beneficial effects of the substance (Juhasz et al., 2008).  

 

6.1.4. MICROVASCULAR FRAGMENTS 

The use of MVF is a well-established technique frequently used in the field of tissue 

engineering (Laschke et al., 2021). They can be isolated from adipose tissue and are, 

therefore, abundantly available in most patients or experimental animals. As the isolation takes 

roughly 45-60 minutes, their use within a single surgical procedure would be clinically feasible. 

Due to their ability to quickly form blood-perfused networks after their transplantation, they are 

already in use for a broad variety of biomedical applications. They present a reservoir of 

endothelial progenitor cells, multipotent mesenchymal stromal cells and fragments of lymphatic 

vessels and, thus, can enhance tissue vascularization.  
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For the present thesis, a GFP crossover design with GFP-positive donors and GFP-negative 

recipient mice was used. Due to this design, the origin of any observed perfused microvessel 

could be clearly determined, both during intravital microscopy and by means of 

immunohistochemical staining. MVF were generated using the epididymal fat pads of male 

C57BL/6-Tg (CAG-EGFP)1Osb/J mice. To avoid contamination of the excised epididymal fat 

pads, the adipose tissue was dissected with a safety margin of several mm to the epididymidis 

and testes, as accidental inclusion of these tissues changes the tissues pH level and may 

disturb the subsequent enzymatic digestion. The isolation process then involved the 

mechanical mincing, enzymatic digestion, filtration and, ultimately, centrifugation. It was crucial 

to stop the enzymatic digestion before the fragments were degraded into individual cells (Fig. 

4).  

 

 
Figure 4: Microscopic image of an MVF (arrow) 
surrounded by individual cells (arrowheads). Scale 
bar: 20 µm.  

 

After the isolation, the MVF were injected into the flap tissue. Though the injection caused 

additional trauma to the flap tissue, this approach was chosen, because initial experiments 

with a mere topical application of the MVF underneath the cover glass resulted in the absence 

of traceable viable fragments by day 3. This was likely caused by insufficient MVF attachment 

to the host tissue, resulting in vertical sliding of the MVF underneath the margin of the chamber 

frame as well as necrosis of the fragments.  
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6.2. DISCUSSION OF RESULTS  

6.2.1. INTERMITTENT FASTING 

Research on DR was initially conducted in the context of life span extension and healthy aging. 

These potential benefits of long-term DR are not considered relevant in the current clinical 

setting, as patient compliance to adhere to a restricted diet rapidly declines over time (Ravussin 

et al., 2015). Moreover, time-intensive preoperative fasting protocols would heavily complicate 

the scheduling of elective surgeries. More recent research shows however that even short-

term DR increases acute stress resistance (Robertson & Mitchell, 2013; Walsh et al., 2014).  

On a cellular level, several mechanisms have been proposed to induce the tissue-protective 

effects of fasting. These mechanisms are evolutionary conserved remnants of strategies that 

organisms used to strive even in environments with limited resources and nutrition. They 

include increased autophagy, lower insulin levels under fasting conditions, as well as 

decreased resting energy consumption and oxidative stress within the tissue (Il’yasova et al., 

2018; Redman et al., 2018). Autophagy, for instance, has also been shown to be very 

beneficial in the context of flap surgery (Martinez-Lopez et al., 2017; Li et al., 2019). Acting as 

a cellular recycling program, it eliminates misfolded proteins, defect organelles and other 

aggregates from the cell (Madeo et al., 2019). Fasting therefore seems to improve the overall 

cellular function, resulting in an increased ischemic tolerance. It has thus been proposed as a 

potential strategy to act against surgical stress and ischemia (Brandhorst et al., 2017). In the 

present thesis, it could be shown that perioperative IF significantly increased the rate of flap 

survival, as it suppressed ischemia-induced inflammation and maintained nutritive blood flow 

to the tissue.  

The beneficial effects of IF on ischemically challenged tissue seem to consist of several 

mechanisms that act in a synergistic manner, ultimately preventing tissue necrosis. DR 

induces a resistance to the stress of nutrient deprivation, while also causing a cross-resistance 

to various other stressors, including oxidative insults (Michalsen & Li, 2013). The expression 

of cytoprotective genes, including hemeoxygenase (HO)-1 and components of the glutathione 

detoxification system, is increased to mediate this effect (Mitchell et al., 2010). Moreover, under 

fasting conditions cells seem to shift from proliferation into survival programs to slow down 

their metabolism, in turn protecting them from ischemic stress (Raffaghello et al., 2008). Cell 

division decreases during the fast. To become more stress-resistant, cells utilize degradation 

products from the breakdown of organelles, proteins and fats. This effect has also been 

analyzed in the context of chemotherapy. Cancerous cells are unable to enter a non-dividing 

state due to their altered growth signaling. Therefore, they remain sensitive to chemotherapy 

under fasting conditions, while the tolerance of healthy cells can be drastically increased by 
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applying DR (Raffaghello et al., 2008; Tinkum et al., 2015; Brandhorst et al., 2017). This 

improved cellular resistance was also detected in the present thesis, as indicated by a 

significant decrease in apoptotic cell death in the transition zone of IF-treated flaps, as well a 

reduced rate of flap tissue necrosis overall.  

The reduction of oxidative stress and inflammation through DR also seems to be beneficial in 

the context of flap surgery (Walsh et al., 2014). In a previous study, various biomarkers for 

oxidative stress in cardiac, renal and cerebral tissue in rabbits were decreased after short-term 

IF (Hardiany et al., 2022). Fastened rats also exhibited a reduced expression of inflammatory 

cytokines and chemokines in their liver and kidney tissue, including interleukin (IL)-1β, tumor 

necrosis factor (TNF)-α and monocyte chemoattractant protein (MCP)-1(Chiba & Ezaki, 2010). 

In line with these findings, significantly less neutrophilic granulocytes invading the transition 

zone between vital and necrotic flap tissue were detected in IF-treated animals in comparison 

with controls. Suppressing the tissue invasion of immune cells is crucial for flap survival, as 

these cells may be responsible for parenchymal cell dysfunction and a disturbed blood 

rheology (Carden et al., 1990; Puhr-Westerheide et al., 2019).  

Moreover, DR has been shown to stimulate angiogenesis. Under DR, the revascularization in 

an ischemic hindlimb model in mice was increased via the activation of the enzyme endothelial 

nitric-oxide synthase (eNOS) mediated by adiponectin (Kondo et al., 2009). DR also increases 

the expression of stress response proteins, including key mediators of angiogenesis such as 

hypoxia inducible factor (HIF)-1α (Soñanez-Organis et al., 2013; Zimna & Kurpisz, 2015). An 

increased angiogenic response to the hypoxic stimulus of surgical flap elevation could also be 

observed in the present thesis, as more newly formed microvessels were recorded in the 

transition zone between vital and necrotic flap tissue. 

The discussed effects also seem to be mediated by shifts in the gut microbiome, which 

regulates nutrient bioavailability and intestinal physiology (Cignarella et al., 2018; Nakai et al., 

2021; Richards et al., 2022). Fasting can influence the differentiation of regulatory T-cells and 

the body’s overall cytokine profile by changing the composition of the gut microbiome (Zheng 

et al., 2018; Rinninella et al., 2020). A fasting intervention of a 4-day 30% CR was already able 

to alter the composition of the microbiome and increase the presence of bacteria that produce 

short chain fatty acids (SCFA) (Anderson et al., 2022). Among them were the primary 

producers of butyrate, a molecule that suppresses the pro-inflammatory nuclear factor (NF)-

κB pathway and the differentiation of regulatory T-cells (Zhu et al., 2018; Nakai et al. 2021; 

Richards et al., 2022).  

The concept of using fasting to counterbalance surgical stress is particularly promising for 

clinical use, as the tissue-protective effects of DR have already been examined in humans. For 
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instance, multiple studies have tested the safety and feasibility of a DR intervention before 

vascular surgery (Kip et al., 2019, 2021; Mitchell et al., 2013). Similarly, the incidence of acute 

kidney injury after cardiac surgery was significantly reduced after a 40% reduction of the caloric 

intake for 7 days prior to surgery (Grundmann et al., 2018). Based on preclinical research in 

aged or overweight mice, where DR still showed protective effects against renal ischemia-

reperfusion injury (Jongbloed et al., 2014), preoperative DR has also been tested in morbidly 

obese individuals without causing major side effects (Jongbloed et al., 2016). The possible 

clinical use of DR conditioning for other indications including flap surgery is therefore likely to 

be feasible as well. The anti-inflammatory effect of DR has been studied extensively in human 

subjects by examining fasting individuals undergoing the religious Ramadan fast. These 

studies showed beneficial immunomodulatory effects, such as a reduced secretion of pro-

inflammatory cytokines including TNF-α, IL-1β and IL-6 after fasting (Faris et al., 2012; Adawi 

et al., 2017).  

Currently, the only recommendation in human patients regarding fasting prior to surgery is an 

overnight fast to reduce the risk of regurgitating and aspirating food under anesthesia. 

However, extending preoperative DR, for instance in the form of short-term IF, may decrease 

the incidence of ischemia-induced complications in flap surgery and could optimize the surgical 

outcomes for this type of operation in the future.  

 

6.2.2. BROMELAIN 

Phytochemicals are compounds derived from plants that are not considered essential to the 

human diet (Liu, 2013). Existing research has proven the efficacy of phytochemical compounds 

to prevent and cure various pathologies (George et al., 2021; Ismaeel et al., 2021). However, 

their usefulness and versatility for clinical applications is often underestimated. The medicinal 

use of phytochemicals is dating back several thousand years. Though often overlooked, today 

they remain an important health resource, as they are more readily available than prescription 

drugs, making them irreplaceable in many developing countries (Aggarwal et al., 2007). 

Accordingly, a large percentage of people worldwide is still actively using herbal medicines 

(Ekor, 2014). Nowadays, phytochemicals seem to slowly gain importance in Western medicine 

as effective therapeutic substances due to their favorable risk-benefit-profile with only few 

unwanted side effects (Siddiqui et al., 2015; Wahab et al., 2021). Moreover, they have become 

a valuable resource for drug development (Clark, 1996; Cheuka et al., 2017). The 

phytochemical compounds can modulate anti-oxidative, anti-inflammatory and anti-apoptotic 

signaling pathways (Haidarali et al., 2015; Zhang et al., 2015; Al-Ishaq et al., 2020) and 
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promote angiogenesis (Thangapazham et al., 2016). Thus, they represent a highly promising 

approach to prevent ischemic damage in tissue flaps. In fact, they can influence the tissue’s 

microenvironment (Cheng et al., 2016), meaning the exact cellular and molecular composition 

regarding cell types, extracellular matrix, growth factors and cytokines (Vogt et al., 2005; Pei 

et al., 2020).  

The phytochemical bromelain is an enzyme complex obtained from pineapple stems and 

represents an example for a naturally occurring compound with several tissue-protective 

effects. It has been applied for the therapy of inflammatory diseases, such as rheumatoid 

arthritis (Pavan et al., 2012; Maurer, 2001) and can reduce pain and swelling during wound 

healing (Taussig & Batkin, 1988; Pavan et al., 2012). With the present thesis we were able to 

show that the anti-inflammatory, anti-apoptotic and anti-thrombotic effects of bromelain 

effectively increase the survival of critically perfused musculocutaneous flaps. This was 

associated with a maintained microperfusion, a decreased invasion of immune cells and a 

lower rate of apoptotic cell death.  

Bromelain may have positively influenced the microvasculature in the flaps through several 

pathways. Under bromelain treatment, an increased blood flow in all analyzed vessel types 

and flap zones was detected. This may be explained by an increased expression of the 

vasodilator nitric oxide (NO), as detected for instance in hepatic tissue undergoing warm 

ischemia (Bahde et al., 2007; Gwozdzinski et al., 2023). In humans, a combination of bromelain 

and anthocyanins reduced systolic blood pressure and improved oxygen utility capacity, 

resulting in an improved tissue saturation in muscle tissue (Pekas et al., 2021). This enhanced 

vascular function may have led to a maintained microperfusion with higher functional capillary 

density values in the present thesis, particularly in the distal flap zones, when compared to 

untreated controls.  

In addition, bromelain has been shown to exert fibrinolytic and anti-thrombotic effects in several 

studies (Gläser & Hilberg, 2006; Azarkan et al., 2020). The formation of microthrombosis is 

particularly detrimental to random pattern flaps, as it frequently occurs in still perfused fringe 

areas, where the blood flow has begun to slow down (Fitzal et al., 2002; Menger et al., 2003). 

These areas subsequently become necrotic. Other anti-thrombotic substances have been 

used successfully to improve flap survival (Takase et al., 2006). As microthrombosis is strongly 

aggravated by tissue inflammation and the secreted cytokines, the fact that bromelain exerts 

multifaceted effects that also include an anti-inflammatory component is highly beneficial. The 

compound decreases the transcription factor NF-κB and, thus, the expression of various pro-

inflammatory chemokines and enzymes (Kasemsuk et al., 2018; Insuan et al., 2021). 

Bromelain has also been shown to decrease the production of ROS (Neumayer et al., 2006) 
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and to downregulate the invasion of immune cells into the tissue by altering the expression of 

immune cell surface markers which mediate the interaction of leukocytes with the endothelium 

(Hale et al., 2002; Fitzhugh et al., 2008). In line with these results, the administration of 

bromelain resulted in a significantly lower invasion of MPO-positive neutrophilic granulocytes 

into the tissue within the transition zone of the analyzed flaps.  

Of interest, an increased number of newly formed microvessels could be detected by means 

of intravital fluorescence microscopy in the transition zone between vital and necrotic flap 

tissue after bromelain treatment. Though the difference was not statistically significant, an 

increased number of CD31-positive microvessels was detected in the medial zone of 

bromelain-treated flaps. This pro-angiogenic activity of bromelain has been suggested in other 

studies in the past (Shoba et al., 2017; Shoba et al., 2020). However, conflicting data shows 

an anti-angiogenic effect of bromelain on cancer cell lines (Juhasz et al., 2008; Karlsen et al., 

2011; Rathnavelu et al., 2016). Similarly, pro-apoptotic effects of the enzyme have been 

described for malignant cells. Bromelain decreases their proliferation and activates the 

extracellular signal-regulated kinase (ERK)/AKT pathway, inducing apoptosis (Romano et al., 

2014). By contrast, other studies show anti-angiogenic effects, such as an increased 

phosphorylation of Akt and FOXO3A under bromelain treatment in a mouse model for cardiac 

ischemia (Juhasz et al., 2008). This led to a significantly lower rate of cardiomyocytes 

undergoing apoptosis, decreasing the overall infarct size. In the present thesis fewer apoptotic 

cells were detected in the transition zone between vital and necrotic tissue of 

musculocutaneous flaps after bromelain administration. This conflicting data suggests that 

bromelain might play a regulatory function in several cellular processes that may differ 

depending on other factors, such as the tissue’s microenvironment or the applied dosage. This 

observation emphasizes how difficult it is to identify all involved pathways and factors after the 

application of phytochemicals, as they tend to act in a pleiotropic manner.  

The present thesis shows that perioperative systemic bromelain administration effectively 

decreases flap tissue necrosis. Bromelain may bear the considerable advantage that it does 

not cause severe side effects. This characteristic makes it a possible resource for optimizing 

the clinical outcome of flap surgery in fragile, e.g. elderly, patients. Therefore, future research 

should evaluate if the beneficial tissue protective effects of bromelain can also be reproduced 

in human patients. If successful, the perioperative application of bromelain may help prevent 

ischemic complications and improve the overall outcome of reconstructive flap surgery.  
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6.2.3. MICROVASCULAR FRAGMENTS 

A particularly innovative strategy to prevent ischemia-induced flap complications is the 

approach to create flaps with a surgically altered or enhanced blood perfusion. The technique 

of “prefabricating” flaps has been described as early as 1973 (Bakamjian & Holbrook, 1973). 

For this approach, a vascular axis is surgically isolated and buried in the anatomical area 

designated for subsequent flap elevation (Yao, 1982). Neovascularizing tissue by implanting a 

vascular axis is thus supposed to create a flap with a robust perfusion for pedicled or free 

tissue transfer. However, the technique has proven to be unreliable in clinical practice (Pribaz 

& Fine, 1994). A more recent approach to optimize flap microcirculation and to possibly create 

a superior flap is the use of vascularization techniques from the field of tissue engineering. 

Freiman et al. (2018) implanted scaffolds seeded with endothelial cells and mesenchymal stem 

cells (MSC) around the femoral artery of rats to create vascularized engineered flaps for the 

reconstruction of full-thickness skin defects. However, the engineered flaps required a 

prolonged cell culture, as well as at least two surgical steps for defect coverage. In fact, the 

scaffolds needed to be implanted in a first procedure with a subsequent vascularization period, 

before the created flap could be used for defect coverage in a second surgical step. This makes 

an implementation into clinical routines relatively cumbersome. In contrast, the use of MVF to 

enhance flap tissue vascularization is clinically feasible as the isolation procedure for MVF 

lasts only 45-60 minutes, making a single-step intraoperative use in clinical practice possible. 

Moreover, the fragments are isolated from adipose tissue, which is abundantly available in 

almost all patients. For many years, MVF have been used to study basic mechanisms of 

angiogenesis, endothelial cell function, as well as microvascular network formation. Based on 

this promising research, MVF have been used to counteract flap necrosis and improve the 

surgical outcome of flap surgery in two pioneering preclinical studies in rats (Nakano et al., 

1998; Stone & Rathbone, 2016). These studies effectively used the characteristic features of 

MVF to prevent necrosis and increase cell survival due to their ability to assemble into blood-

perfused networks connected to the surrounding host vasculature (Laschke & Menger, 2015; 

Laschke et al., 2021; Laschke & Menger, 2022).  

With the present thesis, the involved mechanisms and associated morphological changes after 

MVF transplantation into ischemically challenged flap tissue were elucidated further, using a 

murine dorsal skinfold chamber flap model. MVF injections into the flap tissue were able to 

significantly decrease flap tissue necrosis. Moreover, the present thesis conclusively 

demonstrates that MVF survive the transplantation and reorganize into vascularization 

hotspots within the host tissue. Flap necrosis usually demarcates 3-5 days after flap elevation 

and the occurring neoangiogenesis is usually too late to counteract it effectively. MVF-injected 
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animals showed a higher density of functional capillaries in all flap zones when compared to 

vehicle-injected controls. This indicates that MVF seem to effectively support microperfusion 

by quickly reassembling into new blood-perfused vessel networks as early as 24 hours after 

transplantation (Shepherd et al., 2004),  

Using a GFP-positive / GFP-negative crossover design in combination with repeated intravital 

fluorescence microscopy, the survival and engraftment of transplanted MVF could be tracked. 

Additional immunohistochemical analyses revealed a markedly higher number of CD31-

positive microvessels in the proximal and medial flap after MVF injection, from which 5-10% 

were positive for GFP. Thus, these microvessels originated from the transplanted GFP-positive 

MVF. These results also suggest that besides acting as direct vascularization units, the use of 

MVF induces additional mechanisms that improve flap survival. Immunohistochemical 

analyses demonstrated a notably decreased quantity of cells undergoing apoptosis within the 

medial transition zone of MVF-injected flaps as opposed to those injected with the vehicle. 

While the improved tissue perfusion may have led to a decrease of ischemia-induced 

apoptosis, it is tempting to speculate that MVF may also inhibit apoptosis directly. The 

fragments contain both MSC and macrophages. These cells can secrete large amounts of anti-

apoptotic cytokines, such as insulin-like growth factor-1 (Gehmert et al., 2014; Später et al., 

2020; Lee, 2021; Qian et al., 2021). It has been demonstrated in previous studies that MSC 

exert beneficial effects on flap viability (Uysal et al., 2009; Hollenbeck et al., 2012; Lee et al., 

2014). Even though there is a certain amount of stem cells undergoing endothelial 

differentiation that contribute to the beneficial effects, they mostly increase skin flap survival 

through growth factor secretion (Foroglou et al., 2016). The stem cells stimulate angiogenesis 

by secreting vascular endothelial growth factor (VEGF), a central molecule for pro-angiogenic 

signaling (Laschke et al., 2012; Laschke et al., 2018). Besides directly stimulating blood vessel 

formation, the cytokine also causes vasodilation (He et al., 1999), which seems to have 

contributed to a maintained microperfusion despite the ischemic insult.  

In conclusion, the present thesis provides a more comprehensive understanding of the positive 

impacts of MVF on surgical flaps. These novel findings indicate that the application of MVF 

may be a promising strategy for optimizing surgical flaps by boosting tissue vascularization. 

MVF could be directly transplanted into flaps during their surgical elevation, using an intra-

operative one-step isolation and transplantation approach without additional surgical 

procedures. Thus, their use may represent a successful bench-to-bedside application of tissue 

engineering techniques with a possible clinical implementation. Hence, future research should 

focus on translating the approach into human patients and evaluating the effectiveness of MVF 

transplantation into flap tissue in a clinical setting.  
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6.3. CONCLUSION  

In the present thesis, three different approaches to increase the survival of ischemically 

challenged musculocutaneous flap tissue have been evaluated. All three approaches were 

able to improve tissue survival by inducing various tissue-protective effects, including 

maintaining nutritive tissue perfusion, increasing angiogenesis, suppressing an inflammatory 

reaction or decreasing apoptosis, in a synergistic manner. Dependent on patient 

characteristics and the specific requirements of the planned surgical procedure, individual or 

combined approaches may be used in future clinical practice to optimize the outcome of flap 

surgery. Though future research, e.g. the development of automated separation systems to 

generate MVF, may be necessary to facilitate effective clinical use, the explored strategies 

bear the potential to counteract flap necrosis and reduce the associated patient morbidity. 

Clinical studies should therefore evaluate their effectiveness in patients. If successful, these 

strategies may increase the success rates of elective flap surgery and contribute to the solution 

of a relevant clinical problem.  
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