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Diabetes impairs numerous aspects of tissue repair.
Failure of wound angiogenesis is known to delay di-
abetic wound healing, whereas the importance of
lymphangiogenesis for wound healing is unclear. We
have examined whether overexpression of vascular
endothelial growth factor (VEGF)-C via an adenoviral
vector could improve the healing of full-thickness
punch biopsy wounds in genetically diabetic (db/db)
mice. We found that VEGF-C enhanced angiogenesis
and lymphangiogenesis in the wound and signifi-
cantly accelerated wound healing in comparison to
the control wounds. VEGF-C also recruited inflamma-
tory cells, some of which expressed VEGFR-3. On the
other hand, when the function of endogenous VEGF-
C/VEGF-D was blocked with a specific inhibitor,
wound closure was delayed even further. These re-
sults suggest a function for VEGF-C in wound healing
and demonstrate the therapeutic potential of VEGF-C
in the treatment of diabetic wounds. (Am J Pathol
2006, 169:1080–1087; DOI: 10.2353/ajpath.2006.051251)

The wound healing process is a complex cascade that
relies on several mechanisms for tissue repair including
inflammation, granulation tissue formation, re-epithelial-
ization, angiogenesis, and lymphangiogenesis.1 These
processes are driven by growth factors secreted by in-
flammatory cells and other stromal cells in response to
tissue injury. The clinical importance of blood perfusion in
the healing tissue is evident in diseases that lead to
compromised microcirculation, such as arterial and ve-

nous insufficiency, lymphedema, and diabetes. In these
diseases, localized ischemia and edema inhibit the de-
livery of oxygen and nutrients to the tissues, impairing
wound healing.

Insufficient blood perfusion coupled with impaired an-
giogenesis complicates tissue repair in diabetes. The
potential use of therapeutic angiogenesis to improve
wound healing has raised considerable interest. Vascular
endothelial growth factors (VEGFs) are considered pow-
erful therapeutic tools for proangiogenic and prolym-
phangiogenic therapy in many settings.2,3 The mamma-
lian VEGF growth factor family consists of five
members—VEGF, VEGF-B, VEGF-C, VEGF-D, and pla-
centa growth factor—representing key regulators of
physiological and pathological vasculogenesis, angio-
genesis, lymphangiogenesis, and vascular permeabili-
ty.4 Their effects are mediated via tyrosine kinase recep-
tors VEGFR-1, VEGFR-2, and VEGFR-3, which are
predominantly expressed in vascular endothelial cells.
VEGF binds to VEGFR-1 and VEGFR-2 and plays a cru-
cial role in angiogenesis and tissue repair.5,6 VEGFR-2,
which is expressed primarily in the blood vascular endo-
thelium, is considered to be the main mediator of angio-
genesis and vascular permeability.7 VEGF-C and
VEGFR-3 are critical for the development and growth of
the lymphatic vessels.8,9 VEGFR-3, the primary target
receptor of VEGF-C, is expressed in the lymphatic endo-
thelium, a few fenestrated endothelia,10 monocytes/mac-
rophages,11,12 and a subpopulation of dendritic cells.13

However, at sites of active angiogenesis, such as tumors
and chronic wounds, VEGFR-3 can be abnormally ex-
pressed in the blood vessel endothelium.14,15 Further-
more, the proteolytically processed mature form of
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VEGF-C (VEGF-C�N�C) can also activate VEGFR-2 in
the blood vessel endothelium,16,17 induce angiogenesis,
and increase vascular permeability in vivo.18,19 VEGF-
C156S, a mutant form of VEGF-C, can only bind and
activate VEGFR-3.20

Inflammation is required for normal wound healing, but
this process is abnormal in diabetes. The diabetic wound
is characterized by impaired inflammatory cell function,
decreased secretion of cytokines/growth factors, and a
prolonged inflammatory phase.21 The highly proteolytic
microenvironment leads to a decreased activity of VEGF
in diabetic wounds,22 while VEGF therapy accelerates
diabetic wound healing.23,24 In contrast, the role of lym-
phangiogenic growth factors in tissue repair is unknown.

In this study, we have addressed the therapeutic ef-
fects of VEGF-C and the role of endogenous VEGF-C and
VEGF-D during tissue repair. We have used adenoviral
overexpression of VEGF-C, VEGF-C156S, VEGF, or solu-
ble forms of VEGF receptors in full thickness punch bi-
opsy wounds in genetically diabetic db/db mice.

Materials and Methods

Mice, Adenoviruses, and Growth Factor
Expression

The Helsinki University Experimental Animal Care Com-
mittee and the District of Southern Finland approved all
animal experiments. Ten-week-old obese diabetic BK-
S.Cg-m�/� Lepr db/db mice (Taconic, Ejby, Denmark)
and 8- to 10-week-old C57BLKS mice were used for the
studies. Adenoviruses encoding human VEGF-C, VEGF-
C156S, VEGF-A165, VEGF-B186, VEGFR-2-Ig, VEGFR-3-
Ig, and �-galactosidase (LacZ) were constructed, and
their protein expression was tested as described.3,25–27

In vivo protein production of the soluble receptor-immu-
noglobulin Fc fusion proteins was tested from serum with
an enzyme-linked immunosorbent assay specific for hu-
man IgG Fc domain, as described.9

Experimental Wound Model

The mice were anesthetized with an intraperitoneal injec-
tion of xylazine (10 mg/kg) and ketamine (50 mg/kg). For
analgesia, the mice received buprenorphine 0.1 to 0.5
mg/kg subcutaneously twice a day for 3 days after the
operation. Circular paired punch biopsy skin wounds (3
to 5 mm) were made through the entire thickness of the
skin on the dorsum of the mice after depilation with the
Veet depilation creme containing thiglycollate (Reckit
Benckiser, Mannheim, Germany). Adenoviruses (5 � 108

PFU) encoding human VEGF-C, VEGF-C156S, VEGF165,
VEGF-B186 (as a control), VEGFR-2-Ig, VEGFR-3-Ig, or
bacterial �-galactosidase were injected intradermally
around the wound, and wounds were covered with a
sterile transparent occlusive dressing (Tegaderm; 3M
Health Care, St. Paul, MN), which was attached to the
skin with cyano-acrylate glue and 5-0 nylon sutures. The
dressing was removed on day 10 after wounding to en-
able visual analysis. Digital photographs of the dorsal

wounds were taken every 3 days, and the wound area
was calculated as a percentage of the original wound
area. The mice were sacrificed on days 6, 18, or on the
day of the wound closure. Four to six mice with paired
wounds were analyzed for each time point. Another set of
mice received 5 � 108 PFU of the different adenoviruses
intra-dermally into the ear skin, and 2-mm circular pene-
trating punch biopsy wounds were made in the ear.
These mice were sacrificed on day 6.

Morphological and Quantification Analysis of
Vessels and Inflammatory Cells

The tissues were fixed with 1% paraformaldehyde perfu-
sion through the left cardiac ventricle for 2 minutes and
further incubated in 4% paraformaldehyde for 2 hours
(the ear wounds) or overnight (the dorsal wounds).
Deparaffinized sections were immunostained for the lym-
phatic vessel endothelial hyaluronan receptor-1 LYVE-1,
or the platelet endothelial cell adhesion molecule-1
(PECAM-1) (BD Pharmingen).8 The samples were
mounted with Aquamount (BHD) and visualized with a
stereomicroscope (Leica). The blood and lymphatic ves-
sels in the dorsal wounds were assessed in serial sec-
tions stained for LYVE-1 or PECAM-1. The numbers of
PECAM-1-positive but LYVE-1-negative vessels or LYVE-
1-positive vessels were counted from the wound edge
(on day 6) and the granulation tissue (on day 18) using
the same high-power magnification (�100 and �200).
The average value of at least eight different sections from
four different mice in each study group was recorded in
each study group. Five-�m frozen sections were stained
with antibodies to mouse VEGFR-3 (R&D Systems) and
the pan-hematopoietic marker CD45 (BD Pharmingen) or
monocyte/macrophage marker 2 (MOMA2; Acris Anti-
bodies) followed by incubation with donkey anti-goat
Alexa594 and donkey anti-rat Alexa488 secondary anti-
bodies (Molecular Probes). VEGF-C was detected using
a rabbit antiserum to VEGF-C (no. 6) followed by incuba-
tion with Alexa594-conjugated secondary antibodies
(Molecular Probes), whereas preimmune serum served
as a negative control. Blood and lymphatic vessels in the
ears were visualized by whole mount immunostaining
as previously described,28 using fluorescent Alexa488,
Alexa594 (Molecular Probes), or fluorescein isothiocya-
nate-conjugated secondary antibodies (Jackson Immu-
noresearch) for signal detection. Fluorescently labeled
samples were mounted with Vectashield containing 4,6-
diamidino-2-phenylindole (H-1200; Vector Laboratories),
and analyzed with a compound fluorescent microscope
(Zeiss 2; Carl Zeiss) or a confocal microscope (LSM 510;
Zeiss) by using multichannel scanning in frame mode.
Three-dimensional projections were digitally recon-
structed from confocal z-stacks. CD45-, CD45/VEGFR-3-,
MOMA2-, and MOMA2/VEGFR-3-positive cells were
counted from 400� standard fluorescent micrographs.
Co-localization of the signal was detected from 0.35-�m
confocal optical sections using �40 magnification.
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Statistical Analysis

A two-tailed Student’s t-test was used to analyze differ-
ences between groups. All data are presented as
mean � 1 SD. A P value less than 0.05 was considered
to be significant.

Results

Immunohistochemical staining of the unwounded skin of
db/db mice and nondiabetic control mice for the pan-
endothelial marker PECAM-1 and for the lymphatic endo-
thelial marker LYVE-1 showed that the density of blood
and lymphatic vessels was similar in both mouse lines
(Supplementary Figure 1, see http://ajp.amjpathol.org).
Adenoviral expression and growth factor protein produc-
tion was tested in vitro and in vivo (data not shown). The
expression of the transduced genes in the wounds local-
ized to the forming granulation tissue next to the pannic-
ulus carnosum muscle that marked the original wound
edge, as shown by X-gal staining for the LacZ adenovirus
expression in the transfected wounds (Supplementary
Figure 2A, see http://ajp.amjpathol.org). A strong signal
for VEGF-C expression was also detected in a similar
location on immunohistochemical staining of the Ad-
VEGF-C-treated wounds (Supplementary Figure 2B, see
http://ajp.amjpathol.org).

VEGF-C Accelerates Wound Closure

Paired full-thickness skin wounds in the back skin of the
mice received adenoviral gene transfer vectors encoding
VEGF-C, VEGF-C156S, VEGF-A165, soluble VEGFR-2-Ig,
soluble VEGFR-3-Ig, and VEGF-B186 or �-galactosidase
(LacZ) as controls. VEGF-C-, VEGF-C156S-, or VEGF-A-
treated wounds showed significantly accelerated repair
when compared to VEGF-B- or LacZ-treated wounds
(Figure 1A). VEGF-C-treated wounds had a 20% reduced
wound size by day 9; a similar reduction in the control
group had occurred only by day 15. On day 18 only 22%
of the original wound area was not epithelialized in the
VEGF-C-treated wounds, whereas 58% of the LacZ con-
trol wounds remained unepithelialized. Wound closure
was complete on average in 21 days in the VEGF-C-
treated group, in 26 days in the LacZ group, and in 25
days in the VEGF-B-treated group. Wounds treated with
viral vectors encoding the VEGFR-3-specific mutant
growth factor VEGF-C156S displayed a nearly identical
closure pattern when compared to the wild-type VEGF-C,
and no statistical difference in wound closure was found
at any time point. The differences in the mean wound
sizes between the VEGF-C-, VEGF-C156S-, or VEGF-A-
and control LacZ-treated (or VEGF-B) groups were sta-
tistically significant (P � 0.05) at all time points after day
8. However, wound closure was more advanced in the
VEGF-A-treated wounds when compared to VEGF-C- or
VEGF-C156S-treated wounds at the 7-day and 17-day

Figure 1. VEGF-C accelerates the closure of full-thickness punch biopsy
wounds. A: Diagram of the kinetics of wound closure in adenovirus-treated
db/db mice. Each point represents the mean percentage of original wound size.
Note that VEGF-C, VEGF-C156S, and VEGF significantly accelerate wound clo-
sure compared to VEGF-B and LacZ controls. Four to six mice were analyzed at
each time point. B: Gross appearances of the wounds transfected with the
different adenoviruses at the indicated time points. Note that VEGF-C-treated
wounds have closed on day 21 after wounding whereas VEGFR-2-Ig- and
VEGFR-3-Ig-treated wounds remain unepithelialized. Scale bar � 3 mm.
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time points (P � 0.05). At the time of wound closure, no
statistical difference was observed between VEGF-C-
and VEGF-A-treated wounds, whereas the closure of
VEGF-C156S-treated wounds lagged behind that of the
VEGF-A wounds (P � 0.01). When adenoviruses encod-
ing soluble VEGFR-2-Ig and VEGFR-3-Ig were used to
block the effects of endogenous VEGF-A (plus any pro-
teolytically processed VEGF-C/D) and VEGF-C/D, re-
spectively, both significantly delayed the wound closure
(Figure 1, A and B). On average, wound closure took 35
days in the VEGFR-2-Ig group and 30 days in the VEGFR-
3-Ig group. The differences in mean wound sizes be-
tween the VEGFR-2-Ig and LacZ groups were statistically
significant after day 18, and between VEGFR-3-Ig and
LacZ groups after day 21 (P � 0.05).

VEGF-C Enhances Angiogenesis and
Lymphangiogenesis in the Wounds

Whole mount immunofluorescent staining for the blood
vessel marker PECAM-1 and the lymphatic endothelial
marker LYVE-1 were used to visualize vessels at the
wound edge in the ear on day 6 after wounding (Figure
2). In the VEGF-C-treated wounds the PECAM-1-positive
blood vessel network was dense, and angiogenic sprout-
ing as well as capillary dilation were observed (Figure 2,
A and C). Several PECAM-1-positive blood vessel
sprouts were also seen in the VEGF-C156S-treated sam-
ples (Figure 2, D and F), whereas the strongest angio-
genic response occurred in the VEGF-treated samples
(Figure 2, G and I). LYVE-1 staining showed marked
lymphangiogenic sprouting and enlargement of the lym-
phatic vessels in the VEGF-C- and VEGF-C156S-treated
wounds (Figure 2, B and E). Some lymphatic vessel
sprouts were also seen in the VEGF-treated samples
(Figure 2H). In contrast, in wounds treated with the LacZ
control virus, only a few blood and lymphatic vessel
sprouts were observed (Figure 2, K and L; arrows). In the
VEGFR-2-Ig-treated wounds, the blood vessels were thin,
the capillaries were not dilated, neovascular sprouts were
rare [Figure 2, M and O (arrow)], and lymphangiogenesis
was not observed (Figure 2N). In the VEGFR-3-Ig-treated
wounds the blood vessels were similar to the LacZ con-
trols: capillary dilation and some angiogenic sprouts
were seen (Figure 2, P and R), but the blood vessel
network was less dense than in the LacZ-treated wounds
(Figure 2, J and L). LYVE-1 staining indicated that
VEGFR-3-Ig completely abolished even the background
level of lymphatic activation and sprouting (Figure 2Q).

The number of PECAM-1-positive, LYVE-1-negative
blood vessels and LYVE-1-positive lymphatic vessels
was also recorded from the margins of the dorsal wounds
(on day 6) or from the granulation tissue (on day 18)
(Figure 3). VEGF-C induced a marked lymphangiogenic
and angiogenic response at both time points (Figure 3).
The angiogenic potential of VEGF-C was most evident at
the wound edge on day 6, when the granulation tissue
was just forming (compare the VEGF-C and LacZ col-
umns in Figure 3A). VEGF-C induced angiogenesis was
still present on day 18 in the mature granulation tissue

(Figure 3C). Marked lymphangiogenesis was seen on
day 6 in the edges of the VEGF-C-treated wounds, and
lymphatic vessel proliferation persisted in the granulation
tissue on day 18 (Figure 3, B and D). In comparison to
LacZ-treated control wounds, the increase in blood and
lymphatic vessel counts was statistically significant at
both time points (Figure 3, A–D). In the VEGF-C156S-
treated samples, a statistically significant increase in the
number of blood vessels was found at day 6 but not at the
day 18 time point (Figure 3, A and C), whereas a statis-
tically significant lymphangiogenic effect was detected at
both time points (Figure 3, B and D). The latter effect,
however, was less prominent than in the VEGF-C group,
especially at day 6 (Figure 3, B and D). VEGF induced the
strongest angiogenic response at both time points (Fig-
ure 3, A and C); the difference in comparison to VEGF-C
was statistically significant on day 6 but not on day 18
(Figure 3, A and C). VEGF also induced a statistically
significant increase in the number of lymphatic vessels
on day 6 but not on day 18 in comparison to the LacZ
control samples (Figure 3, B and D).

Endogenous wound angiogenesis was evident on day
6 at the edges of the LacZ transduced control wounds
(Figure 2L), whereas little if any endogenous wound-
associated lymphangiogenesis was detected (Figure
2K), and thus the lymphatic vessel counts on day 6 were
similar in the LacZ, VEGFR-2-Ig, and VEGFR-3-Ig groups
(Figure 3B). However, by day 18 endogenous wound
lymphangiogenesis was present in the granulation tissue
also in the LacZ-treated wounds (data not shown). In the
VEGFR-2-Ig-treated wounds, the number of PECAM-1-
positive vessels appeared slightly decreased on day 6
(Figure 3A), but the difference was not statistically signif-
icant when compared to the LacZ group. On day 18,
however, a significant decrease in the PECAM-1-positive
blood vessels was evident in the VEGFR-2-Ig-treated
wounds (Figure 3C). VEGFR-2-Ig had no statistically sig-
nificant effects on the number of lymphatic vessels in the
granulation tissue (Figure 3, D and H). VEGFR-3-Ig-
treated wounds showed no statistically significant de-
crease of blood vessel density during the initial phase of
wound healing (on day 6) when compared to the LacZ
group (Figure 3A), but neovascularization of the granu-
lation tissue was reduced on day 18 (Figure 3C). Also,
lymphangiogenesis in the granulation tissue was im-
paired in the VEGFR-3-Ig-treated wounds on day 18
(Figure 3D).

VEGF-C Recruits Hematopoietic Cells and
Macrophages to the Wound Margin

To determine whether the beneficial effects of VEGF-C on
wound closure, angiogenesis, and lymphangiogenesis
occurred in parallel with increased recruitment of bone
marrow-derived cells, we performed immunostaining for
the pan-leukocyte marker CD45 that predominantly
stains inflammatory cells in peripheral tissues. On day 6,
in the VEGF-C- or VEGF-C156S-treated wounds more
CD45-positive cells were found at the margin of the form-
ing granulation tissue (Figure 4A and data not shown)
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when compared to LacZ-transduced wounds (Figure
4B). Some of the CD45-positive cells also expressed
VEGFR-3 (Figure 4A, arrowheads), whereas fewer CD45/
VEGFR-3-positive cells were found in the LacZ group

(Figure 4B). Wounds treated with VEGF-C or VEGF-
C156S contained 51 or 35%, more CD45-positive cells
respectively, at the 6-day time point when compared to
the LacZ group (VEGF-C versus LacZ, P � 0.045; VEGF-

Figure 2. VEGF-C induces angiogenic and lymphangiogenic sprouting at the wound edge. Whole mount staining of the wound edge (dashed line) on day 6 after
wounding. The lymphatic marker LYVE-1 is shown in red, and the pan-endothelial marker PECAM-1 in green. A–C: Note dense blood and lymphatic capillary
networks (A), lymphangiogenesis (B), and multiple angiogenic sprouts (arrows in A and C) in the VEGF-C-treated wounds. D–F: Less pronounced angiogenic
(D, F) and lymphangiogenic (D, E) response in the VEGF-C156S-treated wounds. G and I: Note dense blood vessel network and numerous vessel spouts in
VEGF-treated wounds. H: Some lymphatic vessel sprouts are also present. Note also the regressed vascular bed in the VEGFR-2-Ig-treated wound (M, O) and the
absence of lymphatic sprouting and activation in the VEGFR-3-Ig-treated wound (Q) in contrast to the LacZ-treated (K, L) wounds. Capillary dilation is marked
with arrowheads. Scale bars � 100 �m.
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C156S versus LacZ, P � 0.043) (Figure 4C). The recruit-
ment of VEGFR-3-positive leukocytes by VEGF-C and
VEGF-C156S was increased by 2.5-fold (P � 0.019) and
2.3-fold (P � 0.022), respectively (Figure 4C).

Because VEGF-C has previously been shown to be a
chemoattractant for monocytes/macrophages,11 we sus-

pected that the majority of CD45-positive bone barrow-
derived cells would be of the monocytic lineage. Indeed,
increased numbers, 59% (P � 0.0013) and 33% (P �
0.036), of cells positive for the monocyte/macrophage
marker MOMA2 were present in the VEGF-C- or VEGF-
C156S-treated wounds (Figure 4D and data not shown),
when compared to the LacZ-treated wounds (Figure 4E).
Many of the MOMA2-positive cells also expressed
VEGFR-3 (Figure 4D, arrowheads), suggesting that they
are responsive to VEGF-C signals. Fewer VEGFR-3 ex-
pressing MOMA2-positive cells were found in the LacZ
group (Figure 4E). The VEGFR-3-positive monocytes/
macrophages were increased by 5.3-fold in the VEGF-C
group (P � 0.017), and by 3.3-fold in the VEGF-C156S
group (P � 0.0037) (Figure 4F).

Discussion

Our present study shows that VEGF-C and VEGF-C156S
significantly accelerate diabetic wound healing by induc-
ing persistent angiogenesis and lymphangiogenesis, as
well as recruitment of inflammatory cells. VEGF-C and
VEGF had similar effects on wound closure, whereas
VEGF-B had no effect. Furthermore, blocking the function
of endogenous VEGF-C/VEGF-D by a soluble receptor
led to a severe delay in wound healing, suggesting that
endogenous VEGF-C/VEGF-D are involved in diabetic
wound healing.

Reduced expression and rapid proteolytic degrada-
tion of VEGF are considered partly responsible for poor

Figure 3. VEGF-C enhances angiogenesis and lymphangiogenesis in the
wound bed. A–D: Quantitative analysis of PECAM-1� and LYVE-1� blood
vessels and LYVE-1� lymphatic vessels in the dorsal wound sections on days
6 and 18. Bars represent mean values � 1 SD (n � 8). P values less than 0.05
are marked by an asterisk.

Figure 4. VEGF-C recruits hematopoietic cells and monocytes/macrophages to the wound margin. A and B: Immunofluorescent double staining of wound
sections with antibodies to CD45 (green) and VEGFR-3 (red). D and E: Monocytes/macrophages stained with antibodies to MOMA2 (green), whereas
VEGFR-3-positive cells are shown in red. Small panels on the right side of the large images are 0.35-�m confocal optical sections of the area highlighted with a
dashed line in the large panel. Co-localization of the signal is indicated with arrowheads. C and F: Quantification of CD45 and CD45/VEGFR-3 (C) or MOMA2-
and MOMA2/VEGFR-3-positive (F) cells from wound sections treated with the indicated viruses. P values less than 0.05 (comparison to the AdLacZ control) are
marked by an asterisk. Bars represent mean values � 1 SD (n � 4). Scale bar � 100 �m.
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wound healing in diabetes because these effects result in
poor angiogenesis during granulation tissue forma-
tion.22,29 Although the function of VEGF in the diabetic
wound is impaired, our present results show that VEGF-C
also seems to play a role as an angiogenic growth
factor in diabetic wound healing. This is consistent with
the fact that the proteolytically processed mature form
of VEGF-C is able to induce angiogenesis in vivo via
VEGFR-2.16 –19,30,31 Furthermore, VEGFR-3 expression
is induced in the blood vessel endothelium of the gran-
ulation tissue.14,15 Our findings thus suggest that the
diabetic wound microenvironment modulates the ac-
tivities of VEGF-C, as recently suggested for VEGF.22

VEGF-B does not seem to induce significant angiogen-
esis or lymphangiogenesis in the tissues tested so
far,32 which is probably why VEGF-B treatment did not
improve wound healing.

Inflammation and accompanying fluid overload result
in a lymphangiogenic response in some physiological
and pathological conditions.33–35 In wound healing, the
role of lymphangiogenic growth factors has not been
established, although the expression of VEGF-C is known
to be up-regulated during inflammation by proinflamma-
tory cytokines and growth factors.35–37 Macrophages,
being the prime source of several growth factors in
wound healing, secrete VEGF-C and VEGF-D.12 These
sources of lymphangiogenic factors are likely to contrib-
ute to the endogenous expression of VEGF-C during the
wound healing process. According to our data, VEGF-C
may contribute to wound healing by inducing the recruit-
ment of inflammatory cells. Our results also suggest that,
at least partly, the recruitment is induced directly via
VEGFR-3, which is expressed in a subpopulation of mac-
rophages.11,12 It also is conceivable that the increased
vascular surface area, as well as increased vascular
permeability, contributes to enhanced leukocyte transmi-
gration in the VEGF-C-treated wounds. Macrophages iso-
lated from diabetic db/db mice display a decrease in the
secretion of nitric oxide, as well as various cytokines
including tumor necrosis factor-�, interleukin-1�, and
VEGF.38 Recruitment of additional macrophages to the
wound may therefore compensate for the poor quality of
macrophages by increasing their quantity, in this way
enhancing perfusion (via nitric oxide) and angiogenesis
(via VEGF), as well as the inflammatory response and
endogenous VEGF-C production (via tumor necrosis fac-
tor-� and interleukin-1�).36,38 Macrophages recruited via
the VEGFR-1-specific ligand placenta growth factor have
been shown to be important for angiogenesis, vessel
remodeling, and collateral formation in a rabbit hindlimb
ischemia model,39 suggesting that macrophage recruit-
ment could also contribute to angiogenesis in our model
system. Interestingly, there were no statistically signifi-
cant differences in the closure time of VEGF-C- and
VEGF-C156S-treated wounds. The fact that at least on
day 6 the VEGFR-3-specific VEGF-C156S enhanced an-
giogenesis in the wounds suggests that the angiogenic
effect of VEGF-C and VEGF-C156S is partly mediated by
monocytes/macrophages.

In addition to arterial inflow, venous and lymphatic
outflow is also critical for wound healing. Venous insuffi-

ciency results in recurrent ulcers, and wound-associated
lymphangiogenesis seems to fail in chronic wounds.14

Persistent local edema and delayed removal of local
debris and inflammatory cells delay wound healing. Dia-
betic wounds remain chronically inflamed, leading to
poor development of the granulation tissue and delayed
wound closure.21,22 As we show here, VEGF-C acceler-
ates diabetic wound healing by enhancing angiogenesis
as well as lymphangiogenesis in the granulation tissue.
Also VEGF possesses lymphangiogenic effects but these
effects were not as pronounced as with VEGF-C or VEGF-
C156S. Generation of new lymphatic vessels in the
wound should facilitate the exit of excess fluid and leu-
kocytes and concomitantly decrease the edema associ-
ated with the inflammatory response.34 Our results sug-
gest a new biological role for VEGF-C in normal and
diabetic wound healing and attest to the applicability of
VEGF-C in the treatment of complicated diabetic wounds.
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