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ABSTRACT

Previous research suggests that in hypertrophic scars an excess of microvessels is 
present compared with normotrophic scars. The aim of our study was to quantify 
vascular densities in hypertrophic scars and normotrophic scars and to provide an 
insight into the kinetics of changes in the expression of angiogenic factors in time 
during wound healing and hypertrophic scar formation. Human presternal wound 
healing after cardiothoracic surgery through a sternotomy incision was investigated 
in a standardized manner. Skin biopsies were collected at consecutive time points, 
i.e., during surgery and 2, 4, 6, 12, and 52 weeks postoperatively. The expression 
levels of angiopoietin-1, angiopoietin-2, Tie-2, vascular endothelial growth factor, 
and urokinase-type plasminogen activator were measured by real-time reverse 
transcription-polymerase chain reaction. Quanti!cation of angiogenesis and cellular 
localization of the proteins of interest were based on immunohistochemical analysis. 
Microvessel densities were higher in the hypertrophic scars compared with the 
normotrophic scars 12 weeks (P = 0.017) and 52 weeks (P = 0.030) postoperatively. 
Angiopoietin-1 expression was lower in the hypertrophic group (P < 0.001), which, 
together with a nonsigni!cant increase of angiopoietin-2 expression, represented a 
considerable decrease in the angiopoietin-1/angiopoietin-2 ratio in the hypertrophic 
group 4 weeks (P = 0.053), 12 weeks (P < 0.001), and 52 weeks (P < 0.001) 
postoperatively. The expression of urokinase-type plasminogen activator was up-
regulated during hypertrophic scar formation (P = 0.008). Vascular endothelial growth 
factor expression was not signi!cantly different when comparing both groups. In 
summary, the differential expression of angiopoietin-1, angiopoietin-2, and urokinase-
type plasminogen activator in time is associated with an increased vascular density in 
hypertrophic scars compared with normotrophic scars.



ANGIOGENESIS IN HYPERTROPHIC SCAR FORMATION

INTRODUCTION

Hypertrophic scar formation is a common complication of wound healing, particularly 
after burn injury. Hypertrophic scars are raised, red, rigid, and responsible for serious 
functional and cosmetic problems.

The exact underlying mechanism of hypertrophic scar formation is unknown1. New 
blood vessel formation is an essential process in wound healing that is thought to 
mainly manifest as angiogenic sprouting of preexisting capillaries. The new vessels 
invade and repopulate the wound along with macrophages, keratinocytes, and 
!broblasts, as a source of new extracellular matrix (ECM) constituents and a plethora 
of cytokines and growth factors2. Compared with normal skin, hypertrophic scars 
have an increased number of vessels with a more dilated phenotype3. Furthermore, 
in hypertrophic scars, the blood "ow is increased as measured by laser Doppler4. This 
implies the presence of an increased vascular density in hypertrophic scars compared 
with normotrophic scars.

Angiogenic sprouting involves different mediators that are spatiotemporally 
expressed in a highly controlled manner. The Angiopoietins (Ang) comprise a family of 
angiogenic mediators that regulate vascular stability, neovascularization, and vascular 
maturation5. Ang-1 is constitutively expressed by vascular support cells and binds 
to Tie-2, a transmembrane tyrosine kinase receptor present on endothelial cells6. 
Ang-1-mediated Tie-2 signaling maintains endothelial cells in a quiescent state, 
thereby limiting endothelial activation by factors like vascular endothelial growth 
factor (VEGF). Vascular destabilization is created by in"ammatory stress-induced 
endothelial release of Ang-2 that competes with Ang-1 for Tie-2. As a consequence, 
the endothelium becomes prone to VEGF-induced VEGF receptor (VEGFR) signaling. 
VEGF is considered to be instrumental for endothelial cells to further engage in new 
sprout formation, as it has a direct effect on vascular permeability and temporary !brin 
matrix formation, microvascular endothelial cell migration, proliferation, and survival7. 
In order to migrate and produce new capillaries, endothelial cells furthermore up-
regulate a variety of proteases including the !brinolytic protease urokinase-type 
plasminogen activator (uPA), by means of which they can degrade the basement 
membrane and ECM8. How these processes are regulated during wound healing 
associated with hypertrophic scar formation is currently unknown.

The aim of our study was to provide an insight into and to identify new molecular 
details about the angiogenic pro!le during normotrophic and hypertrophic 
scar formation. Our study is the !rst to provide details on the time course of the 
angiogenic response during hypertrophic scar formation in humans in comparison with 
normotrophic scar formation. Human presternal wound healing after cardiothoracic 
surgery through a sternotomy incision was investigated in a standardized manner9. 
Skin/scar biopsies were collected at six time points: during surgery (control sample), 
2, 4, 6, 12, and 52 weeks postoperatively. Expression levels of the angiogenic 
genes Ang-1, Ang-2, Tie-2, VEGF, and uPA were investigated. Quanti!cation of 
angiogenesis and the cellular localization of the proteins of interest were performed 
by immunohistochemistry.
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CHAPTER 8

PATIENTS AND METHODS

Patients and tissue samples
Human presternal wound healing was investigated in a standardized manner as 
described previously9. Patients older than 18 years and undergoing cardiothoracic 
surgery through a median sternotomy incision were assessed for eligibility to participate 
in the study. Finally, a total of 42 patients were included. The approval of the medical 
ethics committee of the University Medical Center Groningen was obtained and all the 
participants gave written consent.

All operations were performed at the Department of Cardiac Surgery of the 
University Medical Center Groningen. During surgery, from all patients, a skin tissue 
sample of the caudal part of the sternotomy incision was collected (control sample). 
Evaluations took place under standardized conditions 2, 4, 6, 12, and 52 weeks after 
surgery, and were performed by the same observer (E. H. d. J.). During all evaluations, 
the same presternal scar was evaluated at 8 cm from the cranial and the caudal border 
and scored as normotrophic or hypertrophic. Hypertrophic was de!ned as raised 
above skin level (> 1 mm) while remaining within the borders of the original lesion10. 
Normotrophic was de!ned as not raised above skin level. The height and width of the 
scar were measured 12 and 52 weeks postoperatively using a slide caliper and a 7.5 
MHz ultrasound probe (SSD-680 EX/STD, Aloka Co. Ltd., Tokyo, Japan). These data 
have been described in detail previously9. Patients were classi!ed as hypertrophic or 
normotrophic when the presternal scar was hypertrophic or normotrophic, respectively, 
12 and 52 weeks postoperatively.

During the evaluations, a 3 mm punch biopsy was collected from the caudal 
segment of the scar after local anesthesia with 5 mL of lidocaine hydrochloride (10 
mg/mL) combined with epinephrine (0.01 mg/mL), consecutively at 3, 4, 5, 6, and 7 
cm from the caudal con!ne of the scar. After collection, all samples were snap frozen 
on liquid nitrogen and stored at -80 °C until further processing. For real-time reverse 
transcription-polymerase chain reaction (RT-PCR), to quantify gene expression, and 
immunohistochemistry to localize protein expression, the same tissue specimens were 
used. After the !nal evaluation of the last participant, a control group consisting of 
patients who had developed a complete normotrophic presternal scar in both the 
cranial and the caudal segment both 12 and 52 weeks postoperatively was matched 
to the hypertrophic group with respect to age, sex, and body mass index (BMI), and 
was de!ned as the normotrophic group.

Real-time RT-PCR
Total RNA was isolated from all samples and prepared for real-time RT-PCR as 
described previously11. Exons overlapping primers and minor groove binder probes 
for real-time RT-PCR were purchased as Assay-on-Demand from Applied Biosystems 
(Nieuwekerk a/d IJssel, the Netherlands): GAPDH (assay ID Hs99999905_m1), 
ANGPT1 (Hs00181613_m1), ANGPT2 (Hs00169867_m1), VEGF (Hs00173626_m1), 
TEK (Hs00176096_m1), and PLAU (Hs00170182_m1). TaqMan real-time PCR was 
performed in an ABI PRISM 7900HT Sequence Detector (Applied Biosystems). Gene 
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ANGIOGENESIS IN HYPERTROPHIC SCAR FORMATION

expression was normalized to the expression of the housekeeping gene GAPDH. 
Relative mRNA expression is presented as the percentage relative to the mRNA 
expression in the control sample (t=0) ± SD.

Immunohistochemistry
All frozen biopsy samples were oriented on edge with the line of visible epidermal scar 
tissue perpendicular to the plane of section, and processed in 5 mm cryostat sections. 
After !xation in acetone, the sections were incubated with the primary antibodies 
described in Table 1. Immunohistochemical detection was performed using two-stage 
alkaline phosphatase EnVision (Dako, Glostrup, Denmark) according to the protocol 
of the manufacturer. The sections were counterstained with Mayer hematoxylin and 
mounted in glycergel (Dako). As controls, sections were stained as described using the 
appropriate isotype-matched negative control antibodies, and were always devoid of 
color development.

Image analysis
Images were scored in a blinded manner by an assessor (W. M. v. d. V.) following 
the elaborate instructions of a cell biologist. Analysis of samples was performed in 
triplicate and averaged. Vascular density was assessed in three sections of all samples 
using the Chalkley grid method, a morphometric point counting system12,13. Brie"y, 
in each section stained for CD31, the three most vascular areas were scored with a 
Chalkley eyepiece graticule. The Chalkley count for an individual section was taken as 
the cumulative value of the three graticule counts. The microvessel density of a sample 
was taken as the mean Chalkley count of the three sections of the same sample. Fifteen 
randomly chosen slides were counted for the second time and the intraobserver error 
was assessed. In the same sections, the vascular pattern was analyzed per anatomical 
localization (papillary dermis, papillary-reticular dermal interface, and reticular dermis) 
and scored on an ordinal scale for its density, with 0 = avascular, 1 = isolated vessels, 
2 = intermediate vascular density, and 3 = vascular hot spots. Immunohistochemical 
detection of Ang-1, Ang-2, and VEGF positivity was qualitatively analyzed for cellular 
and anatomical localization.

Table 1. Antibodies used in immunohistochemistry.

Antibody Isotype Dilution* Company Code number

Mouse anti-CD31 (JC70A) IgG1 1/20 Dako  
(Glostrup, Denmark)

M0823

Rabbit anti-VEGF-A (A20) IgG 1/100 Santa Cruz Biotechnology 
(Santa Cruz, CA)

sc-152

Goat anti-Ang-1 (N-18) IgG 1/200 Santa Cruz Biotechnology 
(Santa Cruz, CA)

sc-6319

Goat anti-Ang-2 (F-18) IgG 1/100 Santa Cruz Biotechnology 
(Santa Cruz, CA)

sc-7017

* Diluted in 1% BSA/PBS.
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CHAPTER 8

Statistical analysis
Differences between groups regarding vascular density and gene expression (relative 
to the expression of GAPDH) were tested using the Wilcoxon (for paired data) and 
the Mann-Whitney (for unpaired data) tests. To adjust for multiple testing when 
testing for differences in gene expression patterns between groups, the Benjamini-
Hochberg method14 was applied to control the false discovery rate. Only those results 
whose P-values yielded a false discovery rate below 0.10 and a P-value below 0.05 
were considered to be signi!cant. The same procedure was applied to relative gene 
expression data, which were obtained by subtracting the gene expression at 0 weeks 
(control sample) from the gene expression at 2, 4, 6, 12, and 52 weeks. This approach 
is recommended by Livak and Schmittgen15 for dealing with unpaired time course 
experiments, as it removes the interpatient variation. Correlations were performed 
using Spearman’s U correlation coef!cient. Data analysis was performed using S-plus 
statistical software (Insightful Corp., Seattle, WA).

RESULTS

Hypertrophic scar formation in the study group
A total of 76 patients were included, of whom 42 were able to complete the follow-up 
of 52 weeks. Other patients discontinued participation due to their medical condition 
in the period between 2 and 4 weeks after surgery. One patient underwent surgery for 
cardiac valve replacement, two for a heart defect, and 39 for coronary artery bypass 
surgery (see Table 2 for patient characteristics).

Table 2. Patient characteristics of the study group.

Study group Hypertrophic group Normotrophic group

Male/female ratio 36/6 5/0 5/1

Mean age – y (range) 58 (37-76) 49 (40-55) 56 (46-63)

Mean weight – kg (range) 83.6 (56-124) 93 (56-108) 82 (58-124)

Mean length - cm 177 182 182

Mean BMI 26.6 27.9 24.8

Smoking - No. (%) 12 (27) 2 (40) 3 (50)

In !ve patients, the caudal scar segment was hypertrophic at 12 and 52 weeks 
postoperatively (Figure 1). They were considered the hypertrophic group. Of the 
remaining patients, six patients, who had developed a completely normotrophic scar 
12 and 52 weeks postoperatively and who were also biopsied during all evaluations, 
were selected who resembled the hypertrophic group the best with respect to age, 
sex, and BMI, and were considered the normotrophic group (Table 2).
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ANGIOGENESIS IN HYPERTROPHIC SCAR FORMATION

Hypertrophic scars showed an increased vascular density
To investigate whether hypertrophic scar formation is associated with increased 
vascular density, we compared the microvessel densities of CD31-stained sections of 
the hypertrophic group with sections of the normotrophic group for all time points 
(Figures 2-3). In the control samples, there was no signi!cant difference in microvessel 
density between the hypertrophic and the normotrophic group (P = 0.931). In both 
groups, the microvessel densities were signi!cantly higher 2 weeks postoperatively 
compared with during surgery (P = 0.01). Microvessel densities were signi!cantly 
higher in hypertrophic scars compared with normotrophic scars after 12 weeks and 
after 52 weeks (P = 0.017 and P = 0.030, respectively). After 52 weeks, the microvessel 
density had increased signi!cantly compared with the control samples collected 
during surgery (P = 0.004). The correlation coef!cient for intraobserver error scores for 
microvascular density assessment was 0.96.

Ordinal scoring of the vascular pattern revealed that the microvessel density in 
the deeper part of the reticular dermis was signi!cantly increased in the hypertrophic 
group compared with the normotrophic group 4 weeks postoperatively (Table 3). In 
the hypertrophic group, the microvessel density 12 and 52 weeks postoperatively 
was increased in both the papillary and the reticular dermis, showing a more dilated 
phenotype compared with the normotrophic group (Figure 2).

Ang-1 and Ang-2 expression was changed during wound healing and 
hypertrophic scar formation
The expression of Ang-1 and Ang-2 mRNA during normotrophic and hypertrophic 
scar formation is shown in Figure 4. In the control samples, there was no signi!cant 
difference between the hypertrophic and the normotrophic group in Ang-1, Ang-2, 

Figure 1. Photographs of a 
(A) hypertrophic and (B) nor-
motrophic presternal scar and 
the corresponding ultrasound 
images of the (C) hypertrophic 
and (D) normotrophic prester-
nal scar.
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CHAPTER 8

Figure 2. CD31-stained sections of hypertrophic and normotrophic presternal scars at all time 
points. Hypertrophic scars show a higher microvessel density compared with normotrophic scars 
12 and 52 weeks postoperatively that present as a more dilated phenotype (arrows). In all control 
samples, the vascular pattern was similar, showing small subepidermal papillary blood vessels in 
the papillary dermis and a few larger vessels in the reticular dermis (arrows). Scale bar = 50 μm.
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Figure 3. Microvessel densities of the hypertrophic and normotrophic group for all time points. 
Data are presented as the mean Chalkley count ± SD. *P < 0.05.
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ANGIOGENESIS IN HYPERTROPHIC SCAR FORMATION

Table 3. Means of the ordinal scores of vascular density by anatomical localization 2 and 4 
weeks postoperatively (0 = avascular; 1 = isolated vessels; 2 = intermediate vascular density; 3 
= vascular hot spots).

Time after surgery

2 weeks 4 weeks

Hypertrophic Normotrophic Hypertrophic Normotrophic

Papillary dermis 2.63 2.00 2.20 1.58

Papillary-reticular interface 2.13 1.58 2.40* 1.67*

Reticular dermis 1.50** 0.92** 2.30*** 1.42***

*P = 0.030; **P = 0.069; ***P = 0.011.

and Tie-2 mRNA expression. Two weeks postoperatively, the Ang-1 levels decreased 
signi!cantly and Ang-2 increased signi!cantly in both groups compared with during 
surgery (P = 0.01 and P < 0.001, respectively), and Ang-2 remained signi!cantly 
elevated up to 52 weeks postoperatively. When comparing the mRNA levels of Ang-1 
and Ang-2 of both groups, considerable differences were found up to 52 weeks 
postoperatively. Overall, Ang-1 mRNA expression was statistically signi!cantly lower 
in the hypertrophic group than in the normotrophic group (P < 0.001). The decrease 
in Ang-1 and the concomitant increase in Ang-2 mRNA levels considerably affected 
the Ang-1/Ang-2 mRNA ratio in the hypertrophic group vs. the normotrophic group 
4 weeks postoperatively, being 0.10 in the former and 0.18 in the latter group (P = 
0.053), as well as 12 weeks (0.06 vs. 0.20; P < 0.001) and 52 weeks postoperatively 
(0.07 vs. 0.31; P < 0.001). No difference in mRNA expression of Tie-2 was found 
between the hypertrophic and the normotrophic group (data not shown).

To further evaluate the consequences of altered mRNA expression of Ang-1 
and Ang-2, we examined the spatial distribution of their respective proteins. In the 
control samples, both Ang-1 and Ang-2 only showed focal, infrequent expression 
associated with the vasculature in the reticular dermis. Two weeks postoperatively, 
Ang-1 staining was detected in keratinocytes in all normotrophic samples, in contrast 
with the hypertrophic group, where Ang-1 staining was only occasionally present in 
the papillary dermis. Ang-1 staining became visible in the papillary dermis in most 
normotrophic samples 12 weeks postoperatively, while it was absent in the hypertrophic 
group (Figure 4). Fifty-two weeks postoperatively, Ang-1-positive keratinocytes were 
seen in the hypertrophic samples, where it was no longer present in the normotrophic 
samples. Ang-2 staining was detected in keratinocytes in both normotrophic and 
hypertrophic samples 2 weeks postoperatively, and in hypertrophic samples 4 and 6 
weeks postoperatively. Ang-2 protein expression was furthermore associated with the 
vasculature in the papillary dermis in both groups 4, 6, and 12 weeks postoperatively. 
Fifty-two weeks postoperatively, clear Ang-2 staining was present in small vessels in the 
papillary dermis in the hypertrophic group, while this was absent in the normotrophic 
group (Figure 4). A summary of the scoring of Ang-1, Ang-2, and VEGF positivity is 
shown in Table 4.
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CHAPTER 8

uPA expression was increased during hypertrophic scar formation
The expression of uPA mRNA during normotrophic and hypertrophic scar formation 
is shown in Figure 5. During the !rst 2 weeks of the wound healing process in both 
hypertrophic and normotrophic scar formation, uPA mRNA levels were considerably 
increased (P < 0.001), which continued between 2 and 4 weeks postoperatively. 
This increase of uPA expression, however, continued between 4 and 6 weeks 
postoperatively in the hypertrophic group, whereas the expression strongly decreased 
in the normotrophic group, as re"ected by higher uPA mRNA levels in the hypertrophic 
group at 6 weeks (P = 0.029) and 12 weeks (P = 0.016) postoperatively. Subsequently, 
the mRNA expression of uPA in the normotrophic group returned to the baseline level 
at 52 weeks postoperatively, while the expression up to 52 weeks in the hypertrophic 
group remained signi!cantly elevated (P = 0.032). 

In hypertrophic scars, VEGF expression was not signi!cantly altered
The overall VEGF mRNA expression levels in the hypertrophic group were not 
signi!cantly different compared with the normotrophic group (Figure 6). The VEGF 

Figure 4. Time course of relative mRNA expression (upper part) and immunostaining of Ang-1 
and Ang-2 (lower part) in the hypertrophic and normotrophic group. Relative mRNA expression 
is presented as the percentage relative to the mRNA expression in the control sample (t=0) ± 
SD. Ang-1 staining was present in the papillary dermis in most normotrophic samples 12 weeks 
postoperatively, while it was absent in the hypertrophic samples. Fifty-two weeks postoperatively, 
Ang-2 staining was present in small vessels in papillary dermis in the hypertrophic group, while 
this vascular localization was not observed in the normotrophic group. *P < 0.05. Scale bar = 50 
μm. Ang, angiopoietin.
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Figure 5. Time course of mRNA 
expression of uPA in the hypertrophic 
and normotrophic group. Relative 
mRNA expression is presented as 
the percentage relative to the mRNA 
expression in the control sample (t=0) 
± SD. *P < 0.05. uPA, urokinase-type 
plasminogen activator.

Figure 6. Time course of 
mRNA expression (upper 
part) and immunostaining 
(lower part) of VEGF in the 
hypertrophic and normotro-
phic group. Relative mRNA 
expression is presented the 
as percentage relative to 
the mRNA expression in the 
control sample (t=0) ± SD. 
In most hypertrophic scars 
12 weeks postoperatively, 
VEGF expression was more 
marked in keratinocytes 
and associated with the 
vasculature in the papillary 
dermis compared with the 
normotrophic scars. Scale 
bar = 50 μm. VEGF, vascular 
endothelial growth factor.
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expression in the hypertrophic group increased more between 6 and 12 weeks 
compared with the normotrophic group, but we observed a high variation in expression 
in the hypertrophic group.

Immunohistologically, in the control samples, VEGF expression was only detectable 
in the vasculature in the reticular dermis. During wound healing, VEGF expression was 
marked in keratinocytes, and associated with the vasculature in the papillary dermis in 
both groups 2, 4, and 6 weeks postoperatively, a characteristic that was more marked 
in some of the hypertrophic samples 12 weeks postoperatively (Figure 6). Fifty-two 
weeks postoperatively, in both groups, VEGF staining was mainly associated with the 
vasculature in the papillary dermis (Table 4).

DISCUSSION

The aim of this study was to investigate the time course of the angiogenic response in 
wound healing associated with both normotrophic and hypertrophic scar formation in 
humans up to 52 weeks after surgery. We established that hypertrophic scar formation 
was associated with increased neovascularization compared with normotrophic scar 
formation. Furthermore, the expression levels of Ang-1, Ang-2, and uPA were changed 
during wound healing in general and during hypertrophic scar formation compared 
with their levels during normotrophic scar formation. The decreased Ang-1/Ang-2 
ratios that prevailed in the hypertrophic scars and were primarily caused by decreased 
Ang-1 levels indicate the existence of a condition that favors vascular remodeling from 
an early time point of scar formation on. The differential expression of Ang-1, Ang-2, 
and uPA is furthermore associated with a higher vascular density in hypertrophic scars.

Table 4. Scoring of the spatial distribution of Ang-1, Ang-2 and VEGF by immunohistochemistry.

Time after surgery

2 weeks 12 weeks 52 weeks

H N H N H N

Epidermis Ang-1 - + - - + -

Ang-2 + + - - - -

VEGF - - ± - + -

Papillary dermis Ang-1 - - - + - ±

Ang-2 + ± + + + -

VEGF + ± + ± + ±

Reticular dermis Ang-1 ± + - - - ±

Ang-2 - - + + + +

VEGF - - + + + -

+, present; ±, occasionally present; -, absent; H, hypertrophic group; N, normotrophic group; 
Ang, angiopoietin; VEGF, vascular endothelial growth factor.
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ANGIOGENESIS IN HYPERTROPHIC SCAR FORMATION

In hypertrophic scars, vessel density was reported to be higher compared with 
normal skin, and the vessels showed a more dilated phenotype3. Our study extended 
this observation by showing that the vessel density was higher in hypertrophic scars 
12 and 52 weeks after wounding compared with normotrophic scars. This may !nd 
its origin in ongoing neovascularization, insuf!cient vasoregression, or a combination 
of the two. The observation that 52 weeks after surgery the microvascular density 
remained elevated in both hypertrophic and normotrophic scars is in accordance with 
the scarcely available literature16,17, and indicates that even when wound healing is 
non-pathological, a pretrauma situation is only achieved after a long-term, active 
remodeling process that continues beyond the 12 months time point. These persisting 
vessels may represent a phenotype different from that typically present in normal 
skin18, which may possibly be related to the angiogenic mechanisms giving rise to the 
new vessels19.

To initiate angiogenic sprouting, destabilization of the existing capillaries is a 
necessary !rst step. This can be created by (in"ammatory) stress-induced endothelial 
release of Ang-2 that competes with continuously present Ang-1 for their receptor 
Tie-26. At the end of the angiogenic process, a new situation of vascular stabilization 
is created when Ang-1 expression exceeds that of Ang-2. In the present study, in both 
groups, Ang-2 expression increased and Ang-1 expression decreased shortly after 
wounding (Figure 4). This indicates the occurrence of vascular destabilization and the 
initiation of neovascularization, and is in accordance with a recent study by Staton 
et al20. However, the increase in Ang-2 mRNA expression was more marked in the 
hypertrophic group. In the normotrophic group, Ang-1 levels were signi!cantly higher 
4, 12, and 52 weeks postoperatively. Although mRNA levels of different genes cannot 
be compared directly, the signi!cant difference in the Ang-1/Ang-2 mRNA ratio implies 
a shift toward a vessel destabilization phenotype during hypertrophic scar formation 
in the !rst phase of the process and subsequently in the later stages. According to the 
spatial distribution of Ang-1, Ang-2, and VEGF by immunohistochemistry (Table 4), it 
seems that vascular destabilization mainly occurs in the papillary dermis. Possibly, the 
decreased Ang-1/Ang-2 ratio 2 weeks postoperatively provides an opportunity for 
angiogenic sprouting, while at the later stages, it favors vascular remodeling, resulting 
eventually in stable vessels that are able to facilitate excessive scar formation. Of 
note is the observation that not only the expression of Ang-2 was altered but also 
that Ang-1 levels changed with time in both groups of patients, which does not !t the 
dogma, primarily based on observations in embryogenesis and tumor angiogenesis 
that especially Ang-2 is the dynamic factor of the two. The normalization of the 
Ang-1 expression 12 weeks postoperatively in normotrophic scars could make the 
endothelium less responsive to proin"ammatory cytokines by decreased Tie-2 
signaling21, although little more is at present known about these processes in mature 
vessels in the skin in humans.

Several animal studies have suggested that both Ang-1 and VEGF can serve 
as exogenous stimulators of wound healing22-24. The present data, however, show 
that during wound healing associated with hypertrophic scar formation, Ang-1 
is downregulated, and that hypertrophic scar formation was not associated with a 
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signi!cant increase in VEGF mRNA expression. Possibly, the lack of differences in 
VEGF expression between both groups in our study is related to the fact that we were 
not able to collect tissue samples between surgery and 2 weeks after surgery, which is 
believed to be the phase where angiogenesis is initiated and VEGF expression is the 
highest17,25. Still, the function of VEGF in wound healing could be more complex, and 
possibly angiogenesis during hypertrophic scar formation may depend on molecular 
pathways different from those occurring in normotrophic scar formation. The variable 
VEGF mRNA expression and immunohistochemical staining in the epidermis of 
hypertrophic samples 12 weeks postoperatively (Figure 6) could be associated with 
increased expression of proin"ammatory cytokines in hypertrophic scars1,25 or could 
represent local hypoxia, which can be a stimulus for the formation of aberrant blood 
vessels comparable to vascular malformations reported in tumors18.

During neovascularization, angiogenic endothelial cells up-regulate uPA, which 
converts plasminogen into plasmin, the major !brinolytic protease8. uPA and plasmin 
initiate the degradation of basement membrane proteins, such as !bronectin and 
laminin, and activate other proteinases such as matrix metalloproteinases26. As such, 
the expression of uPA is crucial for angiogenesis27,28. In the present study, uPA mRNA 
expression was signi!cantly increased from an early moment in the repair process in 
both types of scar formation. Moreover, while in normotrophic scars its expression 
already started to decline 6 weeks postoperatively, uPA expression remained elevated 
during hypertrophic scar formation between 6 and 52 weeks after surgery, an 
observation also made in keloids29. This prolonged expression may be related to the 
creation of favorable conditions for (endothelial) cell migration, and consequently, 
may be associated with the increased vascular density observed in hypertrophic scars. 
Furthermore, as the angiogenic activity of VEGF has been suggested to depend on 
uPA27,30, it might have increased the availability of angiogenic VEGF. Enzyme and 
growth factor activity assays using tissue extracts will be needed to provide further 
information on its exact function during the period of prolonged expression.

Many issues remain to be solved regarding the relation between angiogenesis 
and vascular remodeling, and hypertrophic scar formation. The !rst is whether 
increased neovascularization accompanying hypertrophic scar formation is a cause 
or a consequence of the pathological condition. Various studies have addressed the 
role of angiogenesis in wound healing processes per se in animal models, and yet 
data on its relation to hypertrophic scar formation are scarce. The second issue deals 
with the intriguing possibility that a unique molecular pathway of neovascularization is 
responsible for the excessive vascularization in hypertrophic scar tissue formation. The 
observation that treatment with endostatin, vasostatin, SU5416 (an VEGFR inhibitor), or 
SU6668 (an inhibitor of VEGF/PDGF/FGF signal transduction), and the administration 
of a VEGFR2-based DNA vaccine in mouse models of full-thickness wound healing 
did not affect wound healing in general while they at the same time affected tumor 
growth31-35, implies that redundant pathways may be able to take over the control of 
new blood vessel formation. A recent study by Kilarski et al.36 furthermore suggests that 
biomechanical forces can induce vessel translocation by a largely VEGF-independent 
mechanism of vascularization during wound healing. Possibly, these pathways are also 
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adaptive to the dynamics of changing conditions during wound healing and scar tissue 
formation and as such directly involved in excessive new vessel formation and scar 
hypertrophy induction. The third issue relates to the differences in vascular behavior 
throughout the vascular tree37. Possibly, in wound healing, the molecular !ne-tuning 
of angiogenesis varies depending on the site where the wound is located, which 
correlates with the observation that hypertrophic scar formation is more common at 
certain parts of the body1. Great care should therefore be taken to extrapolate data on 
wound healing at a certain site of the body to that at another site38.

In conclusion, this study suggests that differential expression of Ang-1, Ang-2, 
and uPA, thereby favoring neovascularization, is associated with an increased vascular 
density in hypertrophic scars compared with normotrophic scars. Future studies will 
address whether the increased neovascularization during hypertrophic scar formation 
is a cause or a consequence of the pathological condition and whether the differential 
expression of angiogenic factors may be a suitable target for (preventive) treatment of 
hypertrophic scar formation.
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