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Abstract 

Background 

Surgical reconstruction options of soft tissue defects include random pattern 

skin flaps. Flap survival depends on flap size and rotation arc and can be 

challenging regarding flap perfusion, leading to wound healing complications, 

insufficient wound coverage, and even to flap loss. Therefore, novel 

approaches that promote skin flap survival are required. Bone marrow-derived 

mesenchymal stem cells (MSCs) intravenous infusion is therapeutically 

efficient in various diseases via multimodal and orchestrated mechanisms, 

including anti-inflammatory, immunomodulatory effects, and via 

microvasculature re-establishment.  

 

Methods 

We used a modified McFarlane-type skin flap rodent model. After skin flap 

surgery, intravenous infusion of MSCs or vehicle was performed. In vivo 

optical near-infrared (NIR) imaging using indocyanine green was performed, 

followed by histological analysis, including hematoxylin and eosin (H&E), 

Masson's Trichrome (MT) staining, and gene expression analysis.  

 

Results 

The flap survival area was greater in the MSC group. In vivo optical NIR 

perfusion imaging analysis suggested that skin blood perfusion was greater in 

the MSC group. Ex-vivo histological analysis demonstrated that the skin 

structure was more clearly observed in the MSC group. The dermal thickness 

was greater in the MSC group, according to the MT staining results. We 
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observed a higher expression of FGF2 mRNA in the tissues of the MSC group 

using qRT-PCR.  

 

Conclusions 

These results suggest that intravenous infusion of bone marrow-derived 

MSCs promotes skin survival of random pattern flap, which is associated with 

an increased blood perfusion and a higher expression of FGF2 in a random 

skin flap rat model. 
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INTRODUCTION 

In wound management, a set of levels of increasing complexity, referred to as 

the reconstructive ladder, is employed (1). The reconstructive ladder is a 

spectrum of closure options and the surgeon seeks the simplest or lower level 

on the ladder (1). In more severe wounds, the plastic and reconstructive 

surgeon may need to move up the ladder and utilize flap surgery, whereby the 

tissue from the donor is moved to another site. Plastic and reconstructive 

surgery advances have led to the development of various types of skin flaps 

(2). Random pattern flap is used to rescue complicated conditions (3). 

Different from the axial pattern flap, the random pattern flap contains no axial 

vessels and is nourished by the dermal, subdermal, or subcutaneous 

vascular network (3). Tissue ischemia in the random pattern flap can cause 

flap failure and lead to serious tissue necrosis, even though a surgical delay 

procedure is added to extend the flap survival (4, 5). Thus, the development 

of novel approaches to improve flap survival is important.  

 Intravenous infusion of bone marrow (BM)-derived mesenchymal 

stem cells (MSCs) is widely used to improve ischemic injury in central nervous 

tissues due to the multimodal and orchestrated therapeutic mechanisms of 

these cells, including anti-inflammatory and immunomodulatory effects, and 

re-establishment of the microvasculature (6-8). MSCs have also been applied 

to improve the survival of experimental random pattern skin flaps (9-15). Local 

injection of BM-derived (9, 12, 15) and adipose-derived MSCs (10, 11) 

increased the viability of random pattern skin flaps in rodent models. 

Intravenous infusion of adipose-derived MSCs has also increased skin flap 
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survival (13, 14). Intravenous application of bone marrow-derived MSCs is 

being used in several clinical studies and their safety has been validated (16). 

Here, we asked whether intravenous infusion of adult BM-derived 

MSCs elicits an increased survival of random skin flap in rats.  

 

MATERIALS AND METHODS 

Animals 

The use of animals was approved by the Animal Care and Use Committee of 

Sapporo Medical University, and all procedures were carried out in 

accordance with institutional guidelines. Male Wistar rats (n=66; 10 weeks old; 

weight 230  250 g) were used.  

  

Preparation of MSCs from rat BM 

Preparation and culture of MSCs were conducted based on our previous 

studies (8). Briefly, BM obtained from femoral bones of adult (6  8 weeks old) 

Wistar rats was diluted in 15 mL of Dulbecco's modified Eagle's medium 

(DMEM) (Sigma, St. Louis, MO, USA) supplemented with 10% heat-

inactivated fetal bovine serum (Thermo Fisher Scientific Inc., Waltham, MA, 

USA), 2 mM L-glutamine (Sigma), 100 U/mL penicillin, and 0.1 mg/mL 

streptomycin (Thermo Fisher Scientific Inc.). Then, incubation for 3 days at 

37ºC in a humidified atmosphere containing 5% CO2 followed. 

When a confluence state was almost reached, cells were detached 

using a trypsin-ethylenediaminetetraacetic acid solution (Sigma) and 
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subcultured at 1 × 104 cells/mL of medium. The MSCs after three passages 

were used in the present study. A previous phenotypic analysis of the surface 

antigens revealed cluster of differentiation (CD) 45-, CD73+, CD90+, and 

CD106- on the MSCs (17). 

 

Surgical Procedure 

The animals were anesthetized using an intraperitoneal injection of ketamine 

(75 mg/kg) and xylazine (10 mg/kg). The back of the rats was shaved. 

Modified McFarlane-type caudally based skin flaps (3 × 8 cm) were used with 

a minor modification (18, 19). Briefly, the pedicles of flaps were set at the level 

of a horizontal line connecting the two iliac crests. The flaps were raised 

through the panniculus carnosus layer, not including the underlying fascia. All 

visible axial vessels were cauterized to ensure that the flaps were random-

patterned. Then, the flaps were sutured back to their original position using 4-

0 nylon monofilaments.  

 

MSCs Infusion Procedure 

The transplantation protocols differed between the 2 groups. One day after 

flap surgery, the animals were randomly divided into the MSC-treated group 

(n=24) and the vehicle group (n=24). The rats were intravenously infused with 

BM-derived MSCs (1.0 × 106 cells in 1 mL of fresh DMEM) or the vehicle 

alone (1 mL of fresh DMEM without MSCs) via the right femoral vein. We 

confirmed a high cell viability (> 99%) with 0.4% trypan blue, immediately after 

the procedure. Intact rats (n=18) were also used.  
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All rats were injected daily with cyclosporine A (10 mg/kg intraperitoneally) 

from one day before intravenous infusion (8, 20). 

 

Flap Survival Analysis 

Twenty-four-bit digital color images of the flaps at the same distance (14 cm) 

and using the same focus value were taken using a digital camera (DMC-LX3, 

Panasonic, Osaka, Japan) at days 0 and 14 after flap elevation surgery. The 

total areas of the flaps were traced and analyzed using ImageJ 2.0.0 (21). 

The survival area at day 14 compared to the total skin flap area at day 0 was 

calculated as the survival rate.  

 

Histological Evaluations 

After being photographed at day 14, the rats (n=6/group) were deeply 

anesthetized and the flap tissue was cut. A routine paraffin wax embedding 

procedure was performed. Briefly, the flap tissue samples were fixed in 4% 

paraformaldehyde in 0.1 M phosphate-buffered saline for 24 hours, 

dehydrated using a graded ethanol series, cleared in xylene, embedded in 

paraffin wax, and cut into 4- -thick sections. The tissue blocks were 

carefully chosen after histological assessment of the sections stained with  

H&E and MT. Images were acquired using a microscope (BZ-X710, Keyence 

Corp.). Computed quantification of the residual collagen (dermal collagen 

area) was performed at ± 2 mm around the borderline between the epidermis 

and the ulcer (green channel, threshold 31/255). The thickness of the 

proximal pedicle (yellow: Fig. 3B1, 3C1) and of the dermal collagen were 

measured at 0.5, 1.0, 1.5, and 2.0 mm distal to the borderline between the 
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epidermis and ulcer in each group (red line on dashed line: Fig. 3B, 3C). The 

survived dermal thickness ratio was calculated as follows: survived dermal 

thickness ratio = dermal collagen thickness at 0.5, 1.0, 1.5, and 2.0 mm distal 

to the borderline between the epidermis and ulcer/thickness of the proximal 

pedicle, respectively (Fig. 3B, 3C).  

 

In vivo optical NIR perfusion imaging using indocyanine green (ICG) 

At day 14, in vivo fluorescence imaging was performed using an IVIS Lumina 

Imaging System (Xenogen, Alameda, CA). The rats (n=10/group) were kept 

on the imaging stage under anesthetized conditions with 2.5% of isoflurane 

gas in an oxygen flow (1.5 L/min). Then, indocyanine green (ICG) (0.25 mg in 

saline) was injected into the tail vein. All images were acquired at 1 minute 

after ICG injection using the filter setting preset for ICG with a background, 

excitation, and emission wavelengths of 665  695, 710  760, and 810  875 

nm, respectively. Consistent illumination parameters were used for all NIR 

fluorescent acquisitions: the field of view (FOV) was set at 12.5 cm, the 

exposure time was 2 s, f/stop value ,

the binning was kept on small . All images were analyzed using the Living 

Image 3.2 software (Xenogen, Alameda, CA). The regions of interest (ROI) 

were caudally placed on the intact skin outside the flap (1 × 1 cm) as a control 

(green box). The distal end of the flap (2 × 1.5 cm) was considered as the 

distal area (blue box), and the area around the necrotic border zone (1 × 1.5 

cm) was considered as the marginal area (yellow box). The photon ratio was 

defined as below: Photon ratio = total photon counts of target ROI/average 

photon counts of control ROI. 
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Quantitative reverse transcription-polymerase chain reaction 

Animals (n=8/group) were sacrificed under deep anesthesia with ketamine (75 

mg/kg, i.p.) and xylazine (10 mg/kg, i.p.), and the tissue samples (2 mm x 2 

mm), were harvested from the flaps (4 cm from each pedicle). The tissue 

samples were until further use. After homogenization, the 

total RNA was purified using the RNeasy Plus mini kit (QIAGEN, Venlo, the 

Netherlands). RNA quality was assessed using the Bioanalyzer RNA 6000 

Nano kit (Agilent Technologies, Santa Clara, CA, USA). Samples with an RNA 

integrity number > 8.8 were used.  

The Super Script® VILOTM cDNA Synthesis Kit (Invitrogen, Carlsbad, 

CA, USA) was used for reverse transcription. Total mRNA (~100 ng) was 

used for qRT-PCR analysis. TaqMan® Universal Master Mix II with Uracil-N 

glycosylase (UNG) and TaqMan® Gene Expression assays (Thermo Fisher 

Scientific Inc) were used. Specific sets of primers and TaqMan probes were 

purchased from Thermo Fisher Scientific Inc (FGF2: Rn00570809_m1 and 

GAPDH: Rn01775763_g1). qRT-PCR analysis was performed in triplicates 

using PRISM7500 and 7500 software v2.3 (Thermo Fisher Scientific Inc.). 

Thermal cycling was carried out at 50°C for 2 min and at 95°C for 10 min, 

followed by 40 cycles at 95°C for 15 s, and 60°C for 1 min. The delta cycle 

threshold t) was calculated against the endogenous control 

(glyceraldehyde 3-phosphate dehydrogenase), and the delta- t) 

t of the control. Fold change (FC) was also 

calculated using the comparative Ct method (22). 
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Statistical analysis 

All statistical analyses were performed using EZR 1.41 for Windows (Saitama 

Medical Center, Jichi Medical University, Saitama, Japan), which is a 

graphical user interface for R (The R Foundation for Statistical Computing, 

Vienna, Austria), a modified version of R commander designed to add 

statistical functions frequently used in biostatistics. For multiple comparisons, 

we used one-way analysis of variance with Holm post hoc test and Kruskal-

Wallis test with Holm post hoc test. Comparisons between two groups were 

 t-test and Mann Whitney U-test, respectively. A 

p value < 0.05 was considered statistically significant. All data are presented 

as mean ± SEM. 

 

RESULTS 

Skin flap survival  

Macroscopic observation of the surgical site revealed that the total area of the 

skin flap was soft and covered with normal skin at day 0 (immediately after 

flap surgery). At day 14, the survival and necrotic regions were clearly 

demarcated on the flaps (vehicle: Fig. 1A1; MSC: Fig. 1B1). Necrotic eschars 

of the flaps were removed after flap excision and the survival areas were 

measured (vehicle: Fig. 1A2; MSC: Fig. 1B2). The green arrows indicate the 

borderline demarcation between the survival and necrotic areas on the skin 

flap. The survival area at day 14 was significantly greater in the MSC group 
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(Fig. 1B; n=16, 59.00 ± 1.98%) compared to the vehicle group (Fig. 1A; n=16, 

42.87 ± 1.80%) (Fig. 1C; p < 0.001).  

 

Histological evaluation of the skin flaps 

H&E staining of the intact tissue demonstrated the normal structure of the 

skin, including the dermis and the skin appendages with no infiltration of 

inflammatory cells and no granulation tissue (Fig. 2A: intact). Although 

disruption of skin integrity at the distal side of the skin flap (green arrows) was 

observed in the vehicle (Fig. 2B) and MSC (Fig. 2C) groups, the dermis in the 

MSC group was more preserved with a milder disruption of skin integrity, a 

lower loss of skin appendages, and lower inflammatory cell infiltration at the 

distal edge of the skin flap (Fig. 2C). The granulation tissue is also partially 

covered with epithelium in the MSC group. These suggest a re-

epithelialization and a better wound healing (Fig. 2C). A much greater 

infiltration of neutrophils (purple cells) is observed in the vehicle group (Fig. 

2B2), compared to the MSC group (Fig. 2C2).  

MT staining of the intact tissue (Fig. 3A: intact) showed clear 

morphological features in normal skin, suggesting the possibility to identify the 

collagen in survival dermis and in the granulation tissue of the skin flap. The 

dermal collagen area in the MSC group (Fig. 3C: n=6; 3.18 ± 0.37 mm2) was 

greater than in the vehicle group (Fig. 3B: n=6; 2.15 ± 0.20 mm2) (Fig. 3D; p < 

0.05). The thickness of the proximal pedicle was 1.50 ± 0.078 mm (n=6) in the 

vehicle group (yellow: Fig. 3B1) and 1.65 ± 0.108 mm (n=6) in the MSC group 

(yellow: Fig. 3C1). There were no statistical differences of the thickness of the 

proximal pedicle between the two groups. Quantitative analysis of dermal 
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collagen thickness at distances from the epithelium border (Fig. 3E) 

demonstrated that the MSC group was significantly thicker than the vehicle 

group at 0.5 mm (p<0.05), 1.0 mm (p<0.05), 1.5 mm (p<0.05), and 2.0 mm 

(p<0.05), respectively. These results indicate that intravenous infusion of BM-

derived MSCs promotes the survival of severe ischemic skin lesions, which 

were shown in a random pattern flap rat model.  

 

In vivo optical NIR perfusion imaging analysis 

In vivo fluorescence imaging after ICG injection (Fig. 4A-C: n=10) showed that 

the photon ratio at the distal area (Fig. 4D) in the vehicle (1833 ± 151) and 

MSC group (2337 ± 162) is lower than in the intact group (3858 ± 98.6, p < 

0.001). However, the photon ratio in the MSC group is greater than in the 

vehicle group (p < 0.01). The photon ratio at the marginal area (Fig. 4E) in the 

MSC group (2706 ± 137) is greater than that in the vehicle group (2126 ± 104, 

p < 0.001). These results provide further support that infused BM-derived 

MSCs protect skin blood perfusion in the random pattern flap rat model.  

 

Gene expression 

To investigate the expression level of FGF2 mRNA in the tissue (n=8/group), 

we performed quantitative RT-PCR (Fig. 5). Although qRT-PCR showed that 

the relative expression levels of FGF2 mRNA in the vehicle group (2.66 ± 

0.36) were higher than those in the intact group (p < 0.01), the expression 

levels in the MSC group (5.88 ± 1.51) were highly elevated, compared with 

those in the vehicle group (p < 0.05). This result suggests that an increased 
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expression of FGF2 is associated with the promotion of random pattern flap 

survival. 

 

DISCUSSION 

We found that intravenous infusion of BM-derived MSCs promotes the 

survival of random pattern flaps in rats. The flap survival area in MSC-infused 

animals was significantly greater than that in the vehicle group. Histological 

analysis using H&E staining demonstrated that the preservation of the skin 

structure was clearly observed in the MSC group. The dermal collagen 

thickness, assessed using MT staining at several distances from the 

epithelium border, demonstrated that the dermis in the MSC group is 

significantly thicker than that in the vehicle group, suggesting that the 

development of a scar contracture would be reduced or prevented. In vivo 

optical NIR perfusion imaging analysis suggests that skin blood perfusion is 

preserved in the MSC group. We observed a significantly higher expression of 

FGF2 mRNA in the tissue from the MSC group using qRT-PCR. Thus, 

intravenous infusion of BM-derived MSCs promotes skin survival of random 

pattern flap through an increased blood flow and a higher expression of FGF2 

in a random skin flap rat model.  

 Random pattern flap is not used as a reconstruction first choice, but 

as a later option, such as in the case of sequential flap failure. Its 

disadvantage is that an adequate blood supply could be highly limited to the 

area of the proximal pedicle. The degree of ischemia in the flap is generally 

worse in areas that are more distal to the pedicle. Thus, the skin deficit is 

mostly covered with a vascular-poor tissue in the distal area of the flap. 
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Infused MSCs might overcome this limitation by promoting skin survival of 

random pattern flaps. Here, we observed a possible re-epithelialization with a 

greater preservation of skin integrity, appendages, and granulation with 

epithelium, following MSC infusion. These extensions of the useful flap area 

might contribute to a better clinical outcome, i.e., even though partial necrosis 

is observed in the distal part of flaps, survival dermis or soft tissue could feed 

the skin grafts. These could also cover implants or fragile organs, and prevent 

severe scar contracture. 

 FGF2, also known as basic FGF (bFGF), is widely used in treating 

wounds and it activates multiple cells, including dermal fibroblasts, 

keratinocytes, and endothelial cells and can induce tissue remodeling, wound 

healing, and neovascularization (23). FGF2 expression level in the MSC 

group was higher than that in the vehicle group, which was higher than that in 

the intact group. However, this vehicle group increase appeared insufficient 

for facilitating an endogenous wound repair. Yet, infused MSCs elicited the 

promotion of extensive flap survival via increased expression levels of FGF2. 

Regarding the angiogenic properties of FGF2, exogenous FGF2 

stimulates the migration and proliferation of endothelial cells in vivo, and 

encourages mitogenesis of smooth muscle cells and fibroblasts, that induces 

the development of large collateral vessels with adventitia (24). Here, we 

observed an increased blood supply in both the distal and marginal areas of 

the skin flap evaluated using a NIR in vivo imaging system and a higher 

preservation of collagen thickness, which was assessed using MT staining. It 

is conceivable that an increased expression of FGF2 in the tissue might 

contribute to promoting the survival of the random pattern skin flap, following 
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intravenous infusion of BM MSCs.  

 Here, we employed modified McFarlane-type caudally based skin 

flaps (3 × 8 cm). In the original, the flap was raised by incision along three 

sides and completely elevated to its base at the level of the lower angles of 

the scapular (18). However, our pedicle is caudally based at the level of the 

posterior iliac crests (19) as an anatomical landmark, where there is less 

mobility than near the scapular. Thus, our skin flap was a useful experimental 

rat model for the quantification of the survival of skin areas. 

 A local injection of BM-derived MSCs has been applied to the random 

skin flap model, showing that these studies demonstrated an increased 

ischemic skin survival via neovascularization (9, 12, 15). However, the 

intravenous route has not been tested using BM-derived MSCs, whereas 

intravenous infusion of adipose-derived MSCs showed an increased survival 

area of the ischemic flap (13, 14). The underlying molecular mechanisms 

need to be further elucidated. The promotion of the survival area of the 

random skin flap, following intravenous infusion of BM-derived MSCs via the 

activation of FGF2 in the ischemic tissue, led to an increased blood supply 

and to greater wound healing. Further studies must be performed to elucidate 

the molecular pathways regarding FGF2 in this model system using 

intravenous infusion of BM-derived MSCs.  

  

CONCLUSIONS 

Intravenous infusion of BM-derived MSCs might impact the survival of random 

pattern skin flaps via an increased microvasculature, leading to an increased 

blood supply and to an FGF2 upregulation.  
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Figure legends  

 

Figure 1 

Photographs of random pattern skin flaps in the vehicle infused group (A1) 

and MSC infused group (B1) at day 14 postoperatively. Necrotic eschars were 

removed in the vehicle group (A2) and MSC group (B2) for measurement of 

the flap survival area (C). Green arrows indicate the borderline of demarcation 

between survived and necrotic areas on the skin flap. Asterisks indicate *** p 

< 0.001 using Mann-Whitney U test. Scale bars = 10 mm. 

 

Figure 2 

Photomicrograph of H&E staining stained skin flap section in intact (A), 

vehicle (B) and MSC (C) infused groups at day 14 postoperatively. Green 

arrows indicate the same borderline at Fig. 1, indicating the demarcation 

between the survived and necrotic areas on the skin flap. High-power 

microscopic images (A2, B2, C2) are taken from asterisks (A1, B1, C1), 

respectively. Scale bars = 1 mm (A1, B1, C1), 200 m (A2, B2, C2).  

 

Figure 3 

Photomicrograph of Masson's Trichrome stained skin flap section in intact (A), 

vehicle (B) and MSC (C) infused groups at day 14 postoperatively. Green 

arrows in B1 and C1 indicate the same borderline at Fig. 1 indicating the 

demarcation between the survived and necrotic areas on the skin flap. 

Quantification of residual collagen ( t-test) (D). Dermal collagen 

thickness (Mann-Whitney U test) (E). Yellow arrows in B1 and C1 indicate 
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proximal pedicles. High-power microscopic images (A2, B2, C2) are taken 

from asterisks (A1, B1, C1), respectively. Scale bars = 1 mm (A1, B1, C1), 

200 m (A2, B2, C2). Asterisks indicate *p < 0.05. 

 

Figure 4 

In vivo fluorescence imaging after indocyanine green injection in intact (A), 

vehicle (B), and MSC (C) infused group at day 14 postoperatively. For 

quantification of photon counts, three regions of interest (ROI) were placed as 

the control area (green boxes), marginal area (yellow boxes), and distal area 

(blue boxes). Quantification of photon ratio at the distal area (Kruskal-Wallis 

test with Holm post hoc test) (D) and marginal area (Mann Whitney U-test) 

(E). Scale bars = 10 mm. Asterisks indicate **p < 0.01, ***p < 0.001. 

 

Figure 5 

mRNA expression of FGF2. Quantitative reverse transcription polymerase 

chain reaction (qRT-PCR) data of FGF2 is shown. Intact, vehicle, and MSC 

groups were used. The Y-axis shows the 2- t of mRNA gene expression. 

Asterisks indicate *p < 0.05, ***p < 0.001 using one-way analysis of variance 

with Holm post hoc test. 
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