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Inhibition of the Notch Pathway Promotes Flap Survival
by Inducing Functional Neoangiogenesis

Ozan Luay Abbas, MD,* Hiiseyin Borman, MD,{ Yunus K. Terzi, PhD,f Aysen Terzi, MD,§
Niliifer Bayraktar, MD,/| Burak Ozkan, MD,{ and Ayse C. Yazici, PhDY

Objective: The Notch pathway seems to function as an antiangiogenic factor,
negatively regulating the sprouting effect of vascular endothelial growth factor
(VEGF). This function is well defined in embryonic and tumor vasculature.
However, little is known about its function in ischemia-induced angiogenesis.
In the first part of this study, we investigated the role of Notch in reparative an-
giogenesis after ischemia. In the second part, we hypothesized that anti-Notch
therapy will result in increased angiogenic sprouting. We analyzed the effect of
Notch inhibition in the induction of angiogenic sprouting.

Methods: In the first part, we investigated the effect of ischemia on the
Notch ligand delta-like ligand 4 (DLL4). Twenty rats were divided equally into
2 groups. In the surgery group, dorsal skin flap was used as model of ischemia.
In the control group, no surgical procedure was performed. DLL4 and VEGF
gene expressions were assessed. Immunohistochemical staining was used for
detection of DLL4 in tissue materials. Plasma levels of VEGF and DLLA4
were measured. In the second part, we investigated the effect of Notch inhibi-
tion using a gamma-secretase inhibitor (GSI) on inducing neoangiogenesis.
Twenty rats were assigned to 2 equal groups. In all animals, dorsal skin flap
was raised and sutured back into its bed. Animals in the GSI-treated group re-
ceived GSI intravenously after surgery for 3 days. Saline was administered in
the control group. Necrotic area measurements, microangiography, and histo-
logic evaluations were performed to compare groups.

Results: In the first part, VEGF and DLL expressions increased in ischemic
tissues (P < 0.01). Immunohistochemical analysis revealed that DLL4 ex-
pression was upregulated in capillary endothelial cells after ischemia. Plasma
levels for VEGF and DLL4 were higher in the animals that underwent sur-
gery (P < 0.01). In the second part, GSI treatment resulted in higher flap sur-
vival rates (P < 0.05). Microscopic analysis exhibited increase in the number
of microvascular structures after GSI treatment (P < 0.05). Microangiographic
evaluation showed that neovascularization increased in the GSI-applied flaps.
Conclusions: We present an evidence for the importance of the Notch path-
way in the regulation of ischemia-induced angiogenesis. Notch inhibition
promotes flap survival by creating a neovasculature that has an increase in
vascular density.

Key Words: Notch, DLL4, angiogenesis, flap, rat, survival, gamma-secretase
inhibitor, DAPT, skin, sprouting, VEGF, vascular endothelial growth factor,
delta-like ligand 4
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I schemia may jeopardize skin flap survival and result in flap nec-
rosis. Surgical delay preserves its value to be the first-choice proce-
dure to increase flap viability. However, its invasive nature, the cost,
and the inherent drawbacks of a surgical procedure have urged in-
vestigators to seek minimally invasive alternative methods. The role of
angiogenesis as a mechanism of surgical delay raised the possibility
of inducing the delay effect pharmacologically by promoting preoper-
ative angiogenesis in the flap. Improved flap survival in many models
has been observed after manipulation of vascular endothelium growth
factor (VEGF), transforming growth factor, basic fibroblast growth
factor, and platelet-derived growth factor.!~”

Angiogenesis is a dynamic process that correlates with tissue’s
metabolic, immunologic, and growth demands.® During angiogene-
sis, new vessels are generated from the walls of existing vessels in
a process termed angiogenic sprouting.’ The sprouting process is
spearheaded by specialized endothelial cells, called “tip cells.”
Stimulated by vascular endothelial growth factor (VEGF), these tip
cells break out their stable position in the vessel wall to guide new
forming sprouts.!® The endothelial cells along the main vessel that
follow the tip cells, termed stalk cells, proliferate simultaneously
to form the new sprouts. Each new sprout eventually connects with
adjacent sprouts to form a continuous lumen and thus establishes
flow in the new vascular loop.'""!> What controls the specification
of endothelial tip and stalk cells, how is tip cell migration regulated,
what controls stalk cells and their proliferation, and how do tip cells
communicate during the formation of new connections? To create
an organized vessel network with the right density of branches, these
individual endothelial cells need to be strictly coordinated. What, then,
is the underlying mechanism? During the past years, it has become
clear that Notch signaling has an essential role in coordinating endo-
thelial cell behavior during sprouting angiogenesis.

The Notch pathway is an evolutionary conserved signaling
system that was first discovered in Drosophila as a mutation causing
notched wing. Since then, components of the Notch pathway have
been discovered in mammals. Studies have shown that this pathway
has a critical role in the regulation of cell fate specification, tissue pat-
terning, and morphogenesis by modulating cell differentiation, prolifer-
ation, and apoptosis.'>!> In mammals, the components of the pathway
include 4 single-pass transmembrane receptors (Notch 1-4) and 5 trans-
membrane ligands (Jagged1, Jagged2, delta-like ligand 1 [DLL1], DLL3,
and DLLA4; Table 1).

Several Notch receptors and ligands have been identified in
endothelial cells during angiogenesis.'®'® Of the 5 Notch ligands,
DLL4 is the primary functional ligand in angiogenesis.'®?° During
sprouting angiogenesis, the tip endothelial cells take the leader role
of directing the outgrowth of blood vessel sprouts. When sprouting
reaches the appropriate density, the tip endothelial cells produce the
Notch ligand DLL4. These transmembrane ligands activate Notch
receptors on the adjacent stalk cells through direct interaction. 82122
Receptor activation results in a series of proteolytic cleavages, in
which the last step is mediated by the gamma-secretase membrane
protein complex.?? The series of proteolytic cleavages lead to trans-
location of the Notch intracellular domain into the nucleus and ini-
tiation of transcription of target Notch genes.!3* Proteins encoded
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TABLE 1. Notch Receptors and Ligands

Receptors

Comments

Notch 1 Notch 1 is predominant in the endothelium and the most critical
receptor during sprouting angiogenesis. Mice embryos
homozygous for a null allele of Notch 1 die early with defects

in somitogenesis and severe cardiovascular anomalies.
Notch 2 is critical for the vascular morphogenesis of a more
selective group of vascular beds such as vasculature of the
eye and glomerular capillary.
Notch 3 is present in smooth muscle cells. This receptor is
necessary for the differentiation of arterial identity of
vascular smooth muscle cells.

Notch 2

Notch 3

Notch 4 Notch 4 is predominant in the endothelium and the second most
important receptor during sprouting angiogenesis after Notch 1.
Deletion of Notch 4 does not have the same effect on
vascular development; however, double knockouts for Notch 1
and Notch 4 have a more severe vascular phenotype than

Notch 1 knockout alone.
Ligands Commends
DLLI DLLI is expressed in the endothelium of both arteries and veins
during development. Disruption of DLLI leads to early
lethality with generalized hemorrhagic events.
Expression of DLL2 has not been reported in vascular cells.

Expression of DLL3 has not been reported in vascular cells.

DLL2
DLL3

DLL4 DLL4 is primarily found in the endothelium and the most critical
ligand during angiogenesis. Mice embryos homozygous for
a null allele of DLL4 die early. These mice fail to remodel

the primitive vascular plexus.

Jagged] is present in the endothelium. Mice embryos lacking
a functional Jagged gene die with vascular anomalies.

Jagged

by Notch genes downregulate the expression of VEGF receptor 2
and restrict the emergence of excessive sprouting via reduction of
responsiveness to VEGF'? (Fig. 1). This helps to create a vascular
network with the appropriate density of branches.'®2

Although previous studies have established a well-defined role
for Notch signaling in embryonic and tumor vasculature, less is known
about the functional importance of Notch pathway in ischemia-induced
angiogenesis. Thus, we investigated whether the Notch pathway is
upregulated during ischemia-induced angiogenesis using a skin model
of ischemia in the first part of the study. In the second part, given the
fact that the Notch functions as an antiangiogenic factor, we hypothe-
sized that anti-Notch therapy will result in increased formation of en-
dothelial tip cells and, in turn, excessive angiogenic sprouting. We
analyzed the potential effect of Notch inhibition in the induction of
angiogenic sprouting in a skin flap.

MATERIALS AND METHODS
This study was approved by Baskent University Ethical Com-
mittee for Experimental Research on Animals. Forty male Sprague-
Dawley rats, weighing between 390 and 430 g, were used in this study.
Each animal was anesthetized with an intraperitoneal injection of keta-
min hydrochloride (50 mg/kg) and xylazine (10 mg/kg) with periodic
supplementation as needed. The study was conducted in 2 parts.

Part 1

In this part of the study, we investigated whether the Notch
ligand DLL4 is upregulated during ischemia-induced angiogenesis.
Twenty animals were assigned randomly to 2 equal groups. In the
surgery group (n = 10), a caudally based dorsal skin flap with the
dimensions of 9 x 3 cm was raised and sutured back into its initial
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position with a silicone sheet placed underneath to avoid vascular
ingrowth from the wound bed (Fig. 2). In the control group (n = 10),
no surgical procedure was performed.

Gene Expression

To investigate the effect of ischemia on VEGF and DLL4 ex-
pressions, VEGF and DLL4 messenger RNA (mRNA) levels were
measured using real-time polymerase chain reaction assay. In the sur-
gery group, punch biopsies of full-thickness skin were taken from the
center of the outlined flap territory. In the control group, biopsies of
cephalic dorsal skin were performed. Whole RNA was extracted from
tissue samples using High Pure RNA Tissue Kit (Roche Diagnostics,
GmbH, Mannheim, Germany). The extracted RNA was reverse tran-
scripted to complementary DNA using Transcriptor High Fidelity cDNA
Synthesis Kit (Roche Diagnostics, GmbH, Mannheim, Germany). real-
time polymerase chain reaction was carried out using LightCycler
FastStart DNA Master SYBR Green I Kit (Roche Diagnostics, GmbH,
Mannheim, Germany). Housekeeping gene {3-actin served as internal
control. Gene expressions were expressed as a fraction of VEGF or

-JL VEGF-R2
‘&‘

.

e—— Tip Endothelial Cell

NOTCH - Gamma Secretase
NICD o——Stalk Endothelial Cell
® ®
Notch Target
Genes

FIGURE 1. 1, Sprouting angiogenesis is spearheaded by the
tip endothelial cells under the influence of VEGF. 2, Notch
activation occurs through DLL4 signals from tip endothelial
cells to Notch receptors on neighboring stalk endothelial cells.
3, Activation of Notch receptors initiates a series of proteolytic
cleavages, in which the last step is mediated by the
gamma-secretase membrane protein complex. The series

of proteolytic cleavages lead to the translocation of the Notch
intracellular domain (NICD) to the nucleus and initiation of
transcription of target Notch genes. 4, Notch activation restricts
the emergence of excessive sprouting through repression of
VEGF receptor 2 (VEGF-R2) transcription.
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FIGURE 2. A caudally based dorsal skin flap with the
dimensions of 9 x 3 cm was raised and sutured back into its
initial position with a silicone sheet placed underneath to
avoid vascular ingrowth from the wound bed.

DLLA4 to B-actin. Relative gene expression data were analyzed using
2(-Delta Delta (D) ethod .26 Primer sequences of the target genes are
listed in Table 2.

Whole-Mount Immunohistochemistry

Whole-mount immunohistochemical analysis using specific
anti-DLL4 antibodies was used to analyze the expression of endo-
thelial DLL4 in tissue samples of each group. Sections (5 pm) of
formalin-fixed paraffin-embedded tissues were processed using stan-
dard methods. Sections were incubated with primary antibody (anti-
DLL4 antibody; Abcam, Cambridge, England) overnight at 4°C and
with appropriate secondary antibody (N-[N-(3,5-difluorophenacetyl)-
L-alanyl]-S-phenylglycine t-butyl ester [DAPT]; Abcam, Cambridge,
England) for 1 hour at room temperature. All immunostainings were
analyzed using a standard light microscope (x40 magnification).

Enzyme-Linked Immunosorbent Assays

After skin biopsies, blood samples were obtained (5 mL for each
rat) by cardiac puncture. Measurement of VEGF and DLL4 proteins
in the blood was performed by direct enzyme-linked immunosor-
bent assay (ELISA) using VEGF (VEGF ELISA kit; Ray Biotech,
Inc, Norcross Ga) and DLL4 (DLL4 ELISA kit; Life Science, Inc,
St Petersburg, Fla) antibodies.

Statistics

Compliance with the normal distribution of continuous vari-
ables was checked with the Shapiro-Wilk test. Homogeneity of the
groups’ variances was checked by Levene test. Parametric test as-
sumptions were available in terms of blood VEGF level variable,
so group means were compared by 1-way analysis of variance, and
then multiple comparisons between pairs of groups were carried
out according to the Tukey honest significant difference test. The
groups’ variances were not homogeneous in terms of VEGF and
DLL4 gene expression variables, so the Kruskal-Wallis test and
then the Dunn test were used for comparisons. Two independent
groups were compared by the Mann-Whitney U test for blood DLL4
level variable. The Pearson correlation coefficient was used to evaluate
the correlations between normally distributed variables. Data analyses
were performed using the Statistical Package for the Social Sciences
(SPSS), version 17.0 (SPSS Inc, Chicago, Ill). A P value of less than
0.05 was considered statistically significant. The results of statistical
analysis were expressed as number of observations, mean (SD), and
median (minimum to maximum) values.

Part 2

In this part of the study, we analyzed the potential effect of
Notch inhibition in the induction of angiogenic sprouting in a skin

© 2014 Wolters Kluwer Health, Inc. All rights reserved.

flap model. Because the gamma-secretase protein complex acts as
a key enzyme in the activation of the Notch, gamma-secretase in-
hibitors (GSIs) can be used to potently inhibit Notch signaling. The
DAPT has previously been shown to potently inhibit gamma secretase
activity.?” Twenty animals were assigned randomly to 2 equal groups,
namely, the control group (n = 10) and the GSI-treated group (n = 10).
In both groups, a caudally based dorsal random-pattern skin flap,
measuring 3 x 9 cm, was elevated to include the panniculus carnosus.
A silicone sheet was placed beneath the flap to prevent revasculari-
zation from the wound bed. The flap was sutured back into its
original bed. In the control group, 1 mL/kg of saline was adminis-
tered intravenously per day after surgery for 3 days. The GSI-treated
group received 10 mg/kg of DAPT intravenously per day after sur-
gery for 3 days.

Evaluation of the Skin Flap Survival

Flap survival rate was observed on postoperative day 10, when
the border of the necrotic area on the flap was defined. Standardized
digital photographs of the flaps were collected and transferred to a
computer. Digital images were processed using an image analysis
software. Dark zones were defined to be necrotic, and the remaining
areas were defined to be viable. Survival rate was expressed as per-
centage of the total flap area.

Histologic Evaluation

After determination of necrotic areas, full-thickness tissue
specimen was harvested from distal flap zones (2 rats from each
group were excluded for microangiographic evaluation). Specimens
were fixed in 10% neutral formalin for 72 hours. The specimens were
subsequently embedded into paraffin. Sections of 5-pm thickness
were taken from paraffin blocks, and deparaffinized sections were
prepared with hematoxylin-eosin for histologic analysis by light mi-
croscopy. A semiquantitative assessment of neovascularization was
performed to measure the number of capillaries per high-power fields
(x40 magnification) using the light microscope.

Microangiographic Evaluation

Microangiography was performed in 2 randomly selected rats
from each group after flap elevation. Two 20-gauge catheters were
inserted caudally into the aorta and the inferior vena cava. The aorta
was perfused with 200 mL of heparinized (10 U/mL) warm saline,
which was followed by injection of contrast medium (lead oxide and
gelatin), prepared as follows: 200-g commercial grade (96% pure)
lead oxide was added to 100 mL of water heated to 50°C, followed by
addition of 3-mg gelatin powder, and thoroughly stirred. The mixture
was kept warm at a constant temperature in a water bath and stirred
from time to time until injection time. The mixture was injected via
the abdominal aorta. Thereafter, the flaps were separated from their
beds, placed in dampened gauze, and refrigerated at 4°C for 12 hours.

TABLE 2. Primers Used for Real-time Polymerase Chain
Reaction Analysis

Gene Primer
VEGF
Forward 5" ACg AAA gCg CAA gAA ATC CC 3’
Reverse 5" TTA ACT CAA gCT gCC TCg CC 3’
B-Actin
Forward 5" Agg gAA ATC gTg CgT gAC AT 3’
Reverse 5" AAC CgC TCA TTg CCg ATA gT 3’

www.annalsplasticsurgery.com | 457

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.



Abbas et al

Annals of Plastic Surgery ¢ Volume 75, Number 4, October 2015

= N
— W [\ W

VEGF expression levels (2724¢t)
=]
W

0

Surgery Group

Control Group

FIGURE 3. VEGF mRNA levels measured in the control group
represent our baseline. Levels measured in the surgery group
were higher than the baseline (P < 0.01).

Images of the flaps were then taken using a mammography device
(24 mA s, 8 KA, Mammo Diagnost UC; Philips, Germany).

Statistics

Pearson correlation coefficient was used to see whether there
is a linear relationship between samples. Normality assumption was
checked by the Shapiro-Wilk test. Normality conjunction with no cor-
relation implies independence, so assumption of independent samples
was also satisfied. Thus, all assumptions of parametric test were satis-
fied. Because sample sizes are small (n < 30), ¢ test was used, and
significance level was taken as 0.05. Equality of variances (homosce-
dasticity) of samples was checked by the Levene test (o = 0.05), and
calculation of ¢ test was arranged on the basis of these results. Data
analyses were performed using the SPSS, version 18.0.

RESULTS
Part 1

Gene Expression

Vascular endothelial growth factor and DLL4 mRNA levels
measured in the control group represent our baseline. For both pa-
rameters, expression levels measured in ischemic tissues were higher
than the baseline (P < 0.01). Vascular endothelial growth factor and
DLLA expression levels are shown in Figures 3 and 4.

3

2,5

0,5

DLL4 expression levels (2724¢t)

0
Control Group

FIGURE 4. DLL4 mRNA levels measured in the control group
represent our baseline. Levels measured in the surgery group
were higher than the baseline (P < 0.01).

Surgery Group
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FIGURE 5. A, Weak and patchy expression of DLL4 in
microvascular endothelial cells of normoperfused tissues

(blue arrow). B, DLL4 expression is upregulated in capillary
endothelial cells after ischemia (red arrows).

Whole-Mount Immunohistochemistry
Immunohistochemical analysis using specific anti-DLL4 anti-
bodies revealed weak and patchy expression of DLLA4 in microvascular

0,7

Control Group

Surgery Group

FIGURE 6. The mean of plasma levels for VEGF were
significantly higher in the animals that underwent the surgical
procedure when compared with the control group (P < 0.01).
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FIGURE 7. The mean of plasma levels for DLL4 were
significantly higher in the animals that underwent the surgical
procedure when compared with the control group (P < 0.01).

endothelial cells of normoperfused tissues (Fig. 5A). Conversely,
DLLA expression was upregulated in capillary endothelial cells after
ischemia (Fig. 5B).

Enzyme-Linked Immunosorbent Assays

The means of plasma levels for VEGF and DLL4 were sig-
nificantly higher in the animals that underwent the surgical procedure
when compared with the control group (P < 0.01). The median values
of plasma levels for VEGF and DLL4 are shown in Figures 6 and 7.

Part 2

Flap Survival

Ten days postoperatively, necrotic and viable regions were
clearly demarcated (Fig. 8). Gamma-secretase inhibitor treat-
ment (74.815% [2.95%]) resulted in a significantly improved flap
survival rate compared with the control group (53.559% [2.59%];
P <0.05) (Fig. 9).

100

Percentage of total flap area
wn
(=]

Control Group GSl-treated Group

FIGURE 9. GSI treatment (64.815% [2.95%)]) resulted in a
significantly improved flap survival rate compared with the
control group (53.559% [2.59%]) (P < 0.05).

Microangiographic Evaluation

Angiograms revealed no significant difference in number
and calibration of large arteries and arterioles between the groups.
After evaluation of small-diameter vessels, neovascularization and
vessel diameters were found to be increased in the GSI-applied flaps
(Fig. 10).

Histologic Evaluation

The semiquantitative assessment of the number of capillaries
(mean [SD]) exhibited a significant difference between the GSI treat-
ment group (5 [1] capillaries per field) and the control group (1 [1]
capillary per field) (P < 0.05) (Fig. 11).

DISCUSSION
Angiogenesis, or the formation of new blood vessels from
preexisting ones, is essential to establish a functional vascular circuit
during embryonic development and in adult life. During angiogenic
sprouting, endothelial cells migrate extensively and proliferate in
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FIGURE 8. Representative view of survival of skin flaps on the 10th postoperative day in rats from the control group (top) and

the GSl-treated group (bottom).
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FIGURE 10. Microangiographic views of the skin flap areas
in the control rat (top) and the GSl-treated rat (bottom) at
10 days. Angiograms revealed no significant difference in
number and calibration of large arteries and arterioles between
the groups. After evaluation of small-diameter vessels,
neovascularization and vessel diameters were found to be
increased in the GSl-applied flaps.

response to proangiogenic factors.'®?® Given the need to regulate
angiogenic sprouting at several different steps, it is likely that Notch
signaling is used throughout this process. Notch activation restricts
the emergence of excessive sprouting through repression of VEGF
receptor transcription and consequent reduction of responsiveness
to VEGE.!2

The importance of the Notch was first described by its func-
tion in the regulation of embryonic vascular development. Growing
evidence supports the involvement of the Notch ligand DLL4 in
the regulation of sprouting angiogenesis in the murine retina and de-
veloping zebrafish.'®23 Besides its regulator function in angiogenic
sprouting, the Notch pathway has a critical role during the whole pro-
cess of developmental angiogenesis.>®>2 In the early embryogene-
sis, the Notch modulates the migration of angioblasts from the lateral
mesoderm toward the dorsal aorta and induces their specification to
endothelial cells.?? In later stages, Notch signaling controls endothelial
cell specification into arterial or venous identity. Activation of Notch
in the endothelium results in establishing the arterial identity. Con-
versely, when the Notch signaling pathway is suppressed by chicken
ovalbumin upstream promoter-transcription factor II, vessels acquire
vein identity.3+33

The contribution of Notch in postnatal angiogenesis is the
focus of intense investigation. Most of these studies are in the field
of tumor vascularization. In various models, strong DLL4 expression
was observed in the majority of tumor vessels, contrasting with sig-
nificantly lower vascular expression in adjacent normal tissues.%-¢
In humans, DLL4 expression was analyzed in tumors from the kid-
ney, the bladder, the colon, the brain, and the breast.3’3° Besides
tumor vasculature, recent data suggest that the Notch is involved in
the regulation of angiogenesis in response to ischemic injury to the
retina, the myocardium, and the brain.***3 It has been shown that
the Notch has a protective function against ischemia in these tissues.
In the first part of this study, we have shown, for the first time, that
the Notch is activated in a skin model of ischemia. We found that
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DLL4 is weakly expressed in normoperfused tissues but remarkably
induced after ischemia. In addition, immunohistochemical analysis
using specific anti-DLL4 antibodies revealed weak and patchy ex-
pression of DLL4 in microvascular endothelial cells of normoperfused
tissues. Conversely, DLL4 expression was upregulated in capillary
endothelial cells after ischemia. These findings are compatible with
the possibility that the Notch, through its ligand DLLA4, plays a role in
the regulation of sprouting during ischemia-induced angiogenesis.

To investigate the functional importance of the Notch, we used
GSIs to downregulate the function of the Notch in ischemic skin
flaps. Increased number of small-diameter vessels was observed
histologically and microangiographically in the GSI-treated group.
These findings provide evidence supporting the use of anti-Notch
therapy to increase vascularization, improving the rate of flap suvi-
val. The mechanism of GSIs in promoting flap survival is strikingly
different to that of classic proangiogenic therapies, which work by
promoting angiogenesis directly in the flap. Notch inhibition works
by increasing vascular density through improving VEGF’s sprouting
effect without any change in blood VEGF levels. We found no signif-
icant difference between the control and GSI-treated groups in VEGF
mRNA and plasma VEGF levels.

The concept of therapeutic angiogenesis relies on supporting
endogenous vascular growth to improve tissue perfusion. Administra-
tion of angiogenic factors to induce therapeutic angiogenesis resulted
in remarkable success in preclinical studies.>”***7 However, only
partial success was achieved in clinical trials.*®*° One of the reasons
accounting for this discrepancy is that delivery of single growth fac-
tors may represent a simplification of the cooperative molecular inter-
action necessary for the establishment of a functional vascular network.
Inhibition of the Notch uses the interaction between Notch and VEGF
pathways to promote angiogenesis. Notch-based therapies could then
be used to treat conditions in which the formation of new blood vessels
is essential, such as wound healing. In this case, angiogenesis starts
immediately after the injury and is important for the formation of gran-
ulation tissue. In a recent study, Notch inhibition accelerated wound
regeneration by creating a neovasculature that has a slight increase in
vascular density.>® There was an effective increase in local blood
supply to the wound site.

Insights into the mechanisms of the delay phenomenon helped
us to develop pharmacological manipulations to augment skin flap
survival. The use of growth factors to induce a delay effect has been
reported.>7#47 Flap survival rates with preoperative VEGF admin-
istration were found to be equivalent to surgical delay.’! However,
exogenous VEGF application has not found utility in the clinical
setting because of the high cost and potential side effects in
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FIGURE 11. Histologic assessment of the number of capillaries
exhibited a significant difference between the GSI treatment

group (5 [1] capillaries per field) and the control group (1 [1]
capillary per field) (P < 0.05).

© 2014 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.



Annals of Plastic Surgery * Volume 75, Number 4, October 2015

The Notch Pathway

efficient human doses. In the second part of this study, Notch inhi-
bition provides an alternative method in inducing the delay effect
pharmacologically. Instead of using exogenous factors, the angiogenic
effects of available local VEGF molecules are augmented. The resultant
increase in flap survival after Notch inhibition adds up to identify the
Notch pathway as a potential target of inducing the delay effect phar-
macologically. Moreover, Notch inhibition can be used in conjunc-
tion with surgical delay. Inhibition of the Notch in surgically delayed
flaps can speed up angiogenic sprouting. This may help in reducing
the long period required for surgical delay.

Recently, several groups have investigated whether inhibition
of the Notch pathway might affect tumor angiogenesis and growth.
Inhibition of Notch signaling caused increased vascular density and
vascular sprouting in tumors. Surprisingly, this vascular overgrowth
phenotype resulted in tumor growth inhibition.3%>2>3 Perfusion
studies demonstrated that the hypersprouting tumor vasculature
was nonfunctional, and consequently, anti-Notch treated tumors
exhibited increased levels of hypoxia with resultant growth inhibi-
tory effects on tumors.332734 It seems that excessive branching re-
sults in a highly chaotic vascular network that lacks the hierarchy
essential for efficient directional blood flow.2%>2>3 In 1 set of studies,
reduced pericyte coverage with increased vascular leakage was ob-
served in tumors treated with Notch inhibitors.>>3¢ Such an increase
in vascular leakiness associated with impaired vascular integrity may
explain a rapid decrease in tumor perfusion. Another possibility is
that the abnormalized network as a whole loses the organization nec-
essary to support adequate perfusion.’>>* Alternatively, it is plausible
that initiation of hypersprouting structures that are devoid of lumens
would result in a loss of perfusion.>’->

In contrast to tumoral tissue, Notch inhibition in ischemic
flap tissues promoted flap survival by inducing functional angiogen-
esis. We think that the nonfunctional nature of the tumoral neovas-
culature observed in anti-Notch therapy was a consequence of the
high dosage of Notch inhibitor used. By modulating therapy dosage,
functional proangiogenic effect may be achieved. DLL4 inhibition
accelerated wound regeneration by creating a neovasculature that has
a slight increase in vascular density.® Another possible explanation
of the nonfunctional nature of tumoral angiogenesis is the fact that
blood vessel in a given solid tumor may, in fact, be mosaic vessels,
composed of endothelial cells and tumor cells.>® In addition, tumor
vessels differ from normal vessels in multiple ways. Their structural
irregularity, heterogeneity, and leakiness can be regarded as bizarre
hallmarks of a propensity to break all the rules of normal blood vessel
construction. Most tumor vessels have an irregular diameter and abnor-
mal branching pattern, and they do not fit well into the usual classifi-
cation of arterioles, capillaries, or venules.®®-%? Thus, inducing sprouting
on these abnormal vessels will likely lead to abnormal vascular network.

CONCLUSIONS

Together, our results present an evidence for the functional
importance of the Notch pathway in the regulation of ischemia-
induced angiogenesis. Proangiogenic factors from the hypoxic tis-
sue induce both the sprouting response and the production of the
Notch ligand required to coordinate the response into functional tu-
bular morphogenesis. This fact makes Notch signaling a potential
target for therapeutic angiogenesis through its ligand DLL4. Notch
inhibition promotes flap survival by creating a neovasculature that
has an increase in vascular density. Further characterization of Notch
interaction with other signaling pathways might help identify novel
targets for therapeutic angiogenesis.
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